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ABSTRACT 


This  study,  funded  by  the  Department  of  Trans- 
portation, Federal  Highway  Administration,  was  aimed  at 
evaluating  current  air  quality  in  existing  tunnels  and 
determining  means  of  upgrading  air  quality  in  existing 
and  future  tunnels.   The  study  consisted  of  six  phases: 

1.  Identify  the  types  and  quantities 
of  impurities  in  vehicular  tunnels. 

2.  Evaluate  the  physiological  effects 

of  these  impurities  on  tunnel  workers 
and  transients. 

3.  Establish  air  quality  criteria  for 
vehicular  tunnels. 

4.  Determine  available  methods  for 
improving  air  quality  in  vehicular 
tunnels. 

5.  Perform  laboratory  tests  to  demon- 
strate the  applicability  of  selected 
purification  procedures. 

6.  Recommend  instrumentation  for 
vehicular  tunnels. 

Phase  1  consisted  primarily  of  a  literature 
survey  of  past  tunnel  studies  as  well  as  vehicle  emission 
rates  as  a  function  of  various  driving  modes.   Those  of 
major  concern  are  CO,  N0X,  HC  and  particulates.   A  computer 
program  was  developed  which  adequately  predicts  the  concen- 
tration of  various  impurities  as  a  function  of  driving  mode 
and  ventilation  rates.   Some  on-site  sampling  was  performed 
to  verify  the  validity  of  the  computer  program. 

Phase  2  involved  a  survey  of  the  literature  to 
determine  both  short  term  and  long  term  effects  on  humans 
exposed  to  specific  tunnel  impurities.   These  effects  were 
considered  in  terms  of  both  safe  levels  and  comfort  levels 
with  respect  to  tunnel  employees  and  tunnel  transients. 

The  work  of  Phase  3  evolved  as  a  result  of  the 
findings  in  Phase  2.   Criteria  for  tunnel  impurity  levels 
were  established  with  the  basic  guidelines  being  the 
Recommended  Levels  of  the  American  Conference  of  Governmental 


Industrial  Hygienists,  the  EPA  standards  as  set  forth  1n 
the  Federal  Register  and  other  references  on  the  effects 
of  air  impurities  on  safety  and  comfort. 

Phase  4  involved  a  review  of  current  literature 
on  methods  and  procedures  for  purification  of  contaminated 
atmospheres.   Typical  purification  systems  which  were 
reviewed  included  catalytic  combustion,  adsorption,  absorp- 
tion, wet  scrubbing  and  electrostatic  precipitation.   These 
methods  were  considered  within  the  constraints  imposed  by 
tunnel  atmospheres  (i.e.,  low  impurity  levels  and  large 
gas  volumes).   An  economic  evaluation  of  selected  systems 
was  made. 


Phase  5  reguired  laboratory  evaluation  of  the 
most  promising  methods  of  tunnel  atmosphere  purification. 
Small  scale  testing  was  performed  in  a  chamber  containing 
actual  automobile  exhaust  gases.   Parameters  which  were 
studied  included  temperature,  space  velocity,  residence 
time  and  so  on.   Hopcalite  at  225°F  to  250°F  reduced  the 
CO  to  zero.   Activated  carbon  proved  to  be  effective  in 
the  removal  of  NO2  and  heavy  hydrocarbons. 

Phase  6  reguired  the  recommendation  of  impurity 
monitors  which  should  be  used  in  tunnels.   For  tunnels  where 
the  air  guality  is  maintained  by  ventilation,  the  recommen- 
dation was  made  that  CO  continued  to  be  monitored  and  used 
as  the  primary  indicator  of  tunnel  ventilation  rates.   It 
was  also  recommended  that  smoke  meters  be  installed  in 
tunnels,  particularly  those  which  have  heavy  diesel  traffic. 
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INTRODUCTION 


This  is  the  final  report  on  Contract  FH  11-7597 
with  the  U.  S.  Department  of  Transportation,  Federal  Highway 
Administration.   The  work  which  covered  Tunnel  Ventilation 
and  Air  Pollution  Treatment  was  performed  by  MSA  Research 
Corporation  and  covered  a  period  of  16  months.   The  basic 
objectives  of  the  program  were  to  identify  the  impurities 
and  the  level  of  these  impurities  in  vehicular  tunnels, 
establish  the  toxicity  levels  of  these  impurities  and  rec- 
ommend desirable  time-concentration  limits  for  the  Impurities, 
determine  and  test  applicable  processes  for  removal  of  the 
impurities,  and  recommend  air  pollution  monitoring  devices 
for  tunnels. 

The  work  statement  as  presented  in  the  contract 
is  quoted  below: 

"The  contractor  shall  furnish  the  necessary  facilities, 
materials,  personnel  and  such  other  services  as  may  be  re- 
quired, and  in  consultation  with  the  Government,  conduct  a 
research  and  development  project  entitled  Tunnel  Ventilation 
and  Air  Pollution  Treatment. 

The  contractor  shall  direct  its  best  efforts  toward  achieve- 
ment of  the  program  objective  to  the  extent  that  time  and 
funds  are  provided.   The  objective  is  to  conduct  research 
on  the  feasibility  of  removing  impurities  from  the  air  with- 
in vehicular  tunnels  and  to  maintain  a  purity  level  so  as  to 
relieve  the  discomfort  and  eliminate  the  dangers  to  the 
traveling  public  without  exhausting  vitiated  air  to  surround- 
ing areas. 

To  fulfill  the  above  objective,  the  contractor  shall  obtain 
through  comprehensive  literature  surveys  and  other  sources, 
pertinent  information  and  analyze  this  material  to: 


Recognized  variables  include  traffic  conditions  and  vehicle 
mix  under  various  circumstances  such  as  speed,  load  and,  fuel 
type-,  road  conditions  including  gradient,  pavements,  and 
elevation  above  mean  sea  level;  and  atmospheric  conditions 
such  as  ambient  temperature  and  winds  at  portals. 


3.  Establish  criteria  for  desirable  and  allowable  time- 
concentration  limits  of  the  pertinent  impurities  for  the 
maintenance  of  a  safe  and  comfortable  tunnel  atmosphere  for 
various  conditions  and  with  due  consideration  to  operating 
personnel  as  well  as  the  traveling  public.   Reasoning  be- 
hind the  criteria  shall  be  formulated. 

4.  Determine  available  methods,  processes,  and  mechanisms 
for  removing  contaminants  from  the  tunnel  air  which  may  in- 
clude but  not  be  limited  to  cooling,  scrubbing,  electro- 
static precipitation,  and  deacidi fi cation.   The  interplay  of 
natural  additions  and  flow,  vehicle  induced  air  movement, 
internal  ventilation  patterns,  and  exhausting  to  the  atmos- 
phere shall  be  considered.   Physical  feasibility  of  the 
systems  including  power,  space,  and  disposal  problems  shall 
be  included  in  the  analyses.   Cost  effectiveness,  and  other 
economic  factors  will  be  involved  in  arriving  at  practical 
and  practicable  systems  for  various  tunnel  conditions. 

5.  Investigate  and  establish  the  adequacy,  practicability, 
reliability,  and  costing  of  available  air  pollution  gauges 
and  detection  devices  (and  systems  of  these)  in  the  tunnel 
environment.   The  local  concentrations  as  well  as  the  large 
scale  concentrations  of  pollutants  shall  be  subject  to 

me  asurement. 


6.   Perform  laboratory  tests  as  required  to  demonstrate  the 
applicability  of  chosen  clean  up  procedures.   This  phase  of 
the  work  must  be  carefully  considered  so  that  unnecessary 
work  is  not  expended." 

Two  subcontractors  were  used  in  the  performance 
of  the  program.   The  Industrial  Health  Foundation  of  Pittsburgh, 
Pennsylvania  contributed  in  evaluating  the  physiological  effects 
of  tunnel  impurities.   Patent  Development  Associates,  Inc.  of 
Glenshaw,  Pennsylvania  reviewed  current  impurity  control 
technology  and  performed  feasibility  and  economic  evaluations 
of  the  current  technology. 


RESULTS  OF  THE  PROGRAM 


This  section  presents  the  results  of  the  various 
phases  of  the  program.   One  of  the  more  difficult  tasks  was 
to  recommend  desirable  time-concentration  limits  for  vehicular 
tunnels.   These  recommendations  were  to  cover  three  general 
categories  -  safe  levels  for  tunnel  personnel  (Maintenance 
men  or  police  officers)  who  would  spend  hours  per  day  1n  a 
tunnel,  safe  levels  for  transient  users  who  would  spend  5- 
15  minutes  In  a  tunnel  and  comfort  levels  for  the  transient 
users. 

Identification  of  Types  and  Quantities  of  Impurities 
in  Vehicular  Tunnels 

Literature  Survey  -  All  artificially  ventilated 
tunnels  have  instrumentation  for  continuous  monitoring  of 
CO.   In  almost  every  case,  the  type  of  instrument  which  is 
used  to  monitor  CO  1n  vehicular  tunnels  is  the  Hopcallte 
type  where  the  change  1n  temperature  due  to  the  heat  of 
catalytic  oxidation  of  CO  can  be  related  to  the  CO  concen- 
tration in  the  air  samples.   Although  a  wealth  of  data  exists 
on  CO  concentration  as  a  result  of  this  continuous  monitoring, 
it  is  difficult  to  relate  the  CO  concentration  to  the  traffic 
density,  type  of  vehicles  (gasoline  or  diesel),  vehicle 
velocity  and  so  on  since  these  parameters  are  not  routinely 
measured.   Furthermore,  the  monitoring  systems  1n  tunnels 
measure  only  CO,  while  this  program  is  directed  toward 
establishing  typical  concentration  values  for  other  Im- 
purities which  are  present  1n  vehicular  tunnels.   One  addi- 
tional shortcoming  to  this  Information  is  that  1t  represents 
point  concentrations  either  at  the  site  of  the  analyzer  or 
an  average  concentration  for  a  complete  tunnel  section  when 
the  monitoring  station  is  located  1n  a  ventilation  duct. 

A  number  of  studies  have  been  made  on  the  concen- 
tration of  impurities  other  than  CO  1n  vehicular  tunnels. 
Some  studies  have  been  devoted  to  measuring  the  complete  CO 
profile  throughout  the  length  of  a  tunnel.  These  studies 
were  helpful  1n  trying  to  determine  typical  and  maximum 
values  of  Impurities  in  tunnels,  but  again  1n  many  cases 
the  studies  failed  to  present  real  time  data  on  traffic 
patterns  and  ventilation  rates. 

Two  studies  were  made  on  the  1.1  mile  long  Sumner 
Tunnel  in  Boston,  Massachusetts.   The  first  study  was  made 
in  196l(U  when  the  Sumner  Tunnel  was  a  single  tube  carrying 
two  way  traffic.  .A  second  study  on  the  Sumner  Tunnel  was 
performed  in  1963(2)  when  a  sister  tunnel,  the  Callahan 
Tunnel  was  opened  and  the  Sumner  Tunnel  was  converted  to 


a  two  lane,  one  way  traffic  pattern.   The  Sumner  Tunnel 
has  intake  and  exhaust  fans  located  at  both  the  Boston  and 
East  Boston  ventilation  buildings.  The  ventilation  rate 
ranged  from  73,000  cfm  to  613,000  cfm. 
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The  term  0.55  mile  was  used  since  only  half  of  the  tunnel 
served  by  the  Boston  ventilation  building  was  used  in  the 
calculation.   From  1  A.M.  to  5  A.M.  the  calculated  emission 
rate  for  CO  was  35  gm  per  vehicle  mile.   During  the  remainder 
of  the  day,  the  values  for  emission  rate  were  approximately 
twice  this  value.   The  higher  rate  is  due  to  the  effect  of 
traffic  modes,  varying  periods  of  idle,  acceleration  and 
deceleration  as  a  result  of  traffic  tie-ups. 

The  mean  soiling  index  was  measured,  also,  and  is 
shown  in  Figure  4.   The  highest  mean  coefficient  of  haze  and 
smoke  (Cons)  per  1000  feet  of  air  was  6.5  Cohs.   In  Allegheny 
County,  Pennsylvania  the  following  classifications  are  used 
for  soiling  index:(3) 


0-1.0  Cons/1000  ft 

1.0-2.0  Cohs/1000  ft 

2.0-3.0  Cohs/1000  ft 

3.0-4.0  Cohs/1000  ft 


slight  pollution 
moderate  pollution 
heavy  pollution 
very  heavy  pollution 


Thus,  in  terms  of  this  arbitrary  assignment  of  pollution 
values,  the  6.5  Cohs/1000  ft  measured  in  the  Sumner  Tunnel 
would  correspond  to  very   heavy  pollution. 

Suspended  particulates  were  measured  over  a  sampling 
period  of  8  hrs  with  the  maximum  concentration  being  observed 
during  the  period  from  9  A.M.  to  3  P.M.   The  total  particulate 
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FIGURE  1  -  MEAN  HOURLY  TRAFFIC  FLOW  THROUGH  SUMNER  TUNNEL, 
BY  TIME  AND  TYPE  OF  DAY,  SEPT.  14-20,  1961 
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FIGURE  2  -  MEAN  CARBON  MONOXIDE  CONCENTRATION  IN  SUMNER  TUNNEL 
BY  TIME  AND  TYPE  OF  DAY,  SEPT.  14-20,  1961 


300 


SEPTEMBER   14-20 


A7      £Vv 


JULY  27-AUGUST    2  \  ' 


20 


24 


HOUR  OF  DAY 


FIGURE  3  -  PEAK  CARBON  MONOXIDE  CONCENTRATION  IN  SUMNER  TUNNEL, 
BY  TIME  OF  DAY,  JULY  AND  SEPTEMBER  1961 


if  ^ 


TUNNEL    CENTER 


x--  — 


TUNNEL   OUTLET  AIR — * 


\ 


HOUR  OF  DAY 
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Additional  pollutants  including  SO2,  N0«,  aldehydes 
and  NO  were  measured  during  the  second  study.   The  concen- 
trations of  these  impurities  are  shown  in  Figure  6.   It  was 
concluded  that  automotive  exhaust  does  not  contribute  sig- 
nificantly to  the  S02  content  of  tunnel  air.   The  results 
showed  that  the  ratio  of  NO/NO2  was  approximately  5/1. 
Finally,  the  aliphatic  aldehydes  ranged  from  about  0.01  to 
0.1  ppm. 


An  early  study  on  the  CO  and  particulate  levels 
in  the  Holland  Tunnel  was  performed  by  the  Bureau  of  Mines. (4) 
The  data  in  this  report  is  probably  of  limited  value  due  to 
the  difference  in  emission  rates  from  gasoline  powered  ve- 
hicles, gasoline  composition  and  the  number  of  diesel  powered 
vehicles  of  today  compared  with  the  types  of  vehicles  in  use 
at  that  time.   Standard  operating  procedure  at  that  time  was 
to  allow  the  CO  concentration  to  rise  to  250  ppm  with  no 
change  in  ventilation  rate.   If  the  level  remained  at  250  ppm 
for  longer  than  5  minutes,  then  additional  fans  were  acti- 
vated.  The  authors  noted  at  that  time  that  the  CO  concen- 
tration was  highest  on  the  upgrade  sections  of  the  tunnel. 
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FIGURE  5  -  MEAN  CO  CONCENTRATION  AT  SUMNER  TUNNEL  STATIONS 
BY  TIME  OF  DAY,  APRIL  20  THROUGH  28,  1963 
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TABLE  2  -  COMPARISON  OF  MEAN  CONCENTRATIONS  OF  PARTICULATE 
POLLUTANTS  AT  SUMNER  TUNNEL  AS  TWO-WAY  TUNNEL, 
SEPT.  14-20,  1961  WITH  OPERATION  AS  ONE-WAY  TUNNEL 

APRIL  20-28,  1963 


Concentration,  ug/cu  m 

Two -Way         One-Way* 
Tunnel  Tunnel 

Outlet   Inlet   Outlet   Inlet 
Pollutant  Air      Air     Air      Air 


*36%  decrease  in  traffic 


Total  particulates         588      104     424      86 

Benzene-soluble  organic 
substances 

Sulfates 

Nitrates 

Lead 


225 

11 

144.2 

8.3 

29 

22 

18.1 

0.3 
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Station  Locations 


1  -  toll  booth,  E.  Boston 

2  -  1/3  of  distance  into  tunnel 

3  -  center  of  tunnel 

4  -  2/3  of  distance  into  tunnel 

5  -  Boston  ventilation  bldg., 

(inlet   air) 

6  -    Boston   ventilation   bldg., 

(outlet   air) 
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Waller,  et  an?)  studied  the  impurity  levels  of 
the  Blackwall  and  Rotherhithe  Tunnels  in  London  during  a 
period  of  high  traffic  density.   Table  3  summarizes  the 
concentration  of  CO,  smoke  and  hydrocarbons  which  were 
found  in  the  two  tunnels.   Table  4  summarizes  additional 
tests  which  were  made  in  the  Blackwall  Tunnel  only  and  in- 
cludes lead,  NO  and  N0o  in  addition  to  the  previously  men- 
tioned contaminants.   it  was  reported  that  the  mass  median 
diameter  of  the  smoke  particles  was  1  micron. 

Stocks  et  a! W  studied  the  concentration  of  seven 
polycyclic  hydrocarbons  and  13  trace  metals  in  the  Mersey 
Tunnel  in  England.   Table  5  shows  the  average  annual  con- 
centration of  smoke  and  selected  hydrocarbons  found  in  the 
Mersey  Tunnel.   Table  6  lists  the  average  annual  concen- 
trations for  the  13  metals  which  were  analyzed. 
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cantly  lower  than  the  actual  maximum  in  the  tunnel  (290  ppm 
CO).   Figure  9  shows  the  CO  profile  of  the  3613  ft  long 
Fort  Pitt  Tunnel  durinn  the  early  morning  rush  hour.   In 
this  case,  the  maximum  reading  of  the  CO  monitor  was  150  ppm 
CO  while  the  maximum  CO  concentration  in  the  tunnel  was  195 
ppm  CO.   Figure  10  is  a  CO  profile  of  the  Liberty  Tunnel 
during  the  evening  rush  hour.   The  Fort  Pitt  and  Sguirrel 
Hill  Tunnels  have  a  longitudinal  distributive  type  of  venti- 
lation while  the  Liberty  Tunnel  has  a  basic  longitudinal  type 
of  ventilation.   Specifically,  fresh  air  is  drawn  in  through 
the  entry  portal  and  exhausted  at  the  center  for  the  first 
half  of  the  tunnel,  then  fresh  air  is  injected  about  50  ft 
beyond  the  center  and  exhausted  through  the  exit  portal. 
This  mode  of  ventilation  accounts  for  the  CO  peak  at  the 
center  of  the  tunnel . 


Computer  Model  -  After  havino  reviewed  the  pertinent 
literature,  two  facts  became  obvious.   First,  the  bulk  of  the 
work  on  tunnel  impurity  levels  had  been  limited  to  the  measure 
ment  of  CO,  and  second  the  bulk  of  the  data  which  had  been 
reported  represented  averages  over  time  periods  ranging  from 
1  hr  to  24  hr  with  little  or  no  information  on  ventilation 
rates  as  well  as  traffic  density,  traffic  mix,  road  grade  and 
so  on.   As  a  result  of  these  deficiencies  in  the  studies 
which  had  been  made,  it  was  concluded  that  a  computer  model 
should  be  developed  which  would  predict  concentration  levels 
of  any  exhaust  impurity  at  any  point  in  a  tunnel. 

The  quantity  of  each  component  emitted  from  a 
particular  vehicle  at  a  specific  time  is  dependent  upon  a 
number  of  factors  : 


7 
8 
9 
10 
11 
12 
13 


Type  of  engine  (gasoline,  diesel,  etc) 

Size  of  engine  (displacement,  horsepower) 

Condition  of  engine 

Type  of  fuel  (octane  rating,  additives) 

Adjustment  of  carburetor 

Driving  mode  -  acceleration 

-  rrnuinn 


cru  i  si  ng 

-  idling 

-  deceleration 


Velocity 

Rate  of  acceleration 

Road  grade 

Elevation  above  sea  level 

Ambient  temperature  and  relati. 

Vehicle  load 

Condition  of  control  devices  such  a 

valve  and  gasoline  tank  vapor  suppr 


ve  humidity 


as  PCV 
essors 
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When  considering  the  total  pollution  generated 
within  a  given  tunnel,  the  following  additional  parameters 
must  be  considered: 


1. 
2. 


3. 
4. 


Vehicle  mix  -  cars,  diesel  trucks,  busses, 
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An  important  factor  in  exhaust  emission  rates 
aside  from  the  engine  is  the  carburetor.   This  is  particularly 
so  with  larger  vehicles  as  illustrated  in  Table  8  which  com- 
pares CO  emission  of  cars  and  trucks  as  a  function  of  car- 
buretor adjustment. (1 3)   Another  exhaust  factor  is  crankcase 
ventilation.   The  control  device  introduced  in  1963  reduces 
pollution  rates  considerably  when  it  is  in  proper  condition. 
The  concentrations  of  other  exhaust  pollutants  -  nitric  oxide 
and  hydrocarbons  as  well  as  CO  -  are  influenced  by  the  fuel/ 
air  ratio  delivered  to  the  engine  as  shown  in  Figure  11.^4) 
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TABLE  7  -  EXHAUST  GAS  EMISSION  RATES  (ft3/min) 


Mode 


Gas  auto 
Diesel  bus 

Gas  auto 
Diesel  bus 

Gas  auto 
Diesel  bus 

Gas  auto 
Diesel  bus 


CO 

NO* 

HC 
R-COH 


Accel eration 

Crui  se 

Idle 

Deceleration, 

6.000 
0.200 

0,700 
0,080 

0,400 
0.025 

0.400 
0.040 

0.050 
0.400 

0.020 
0,083 

<0.001 
0,007 

<0.001 
0.009 

0.016 
0.100 

0,006 
0.030 

0.005 
0,045 

0.024 
0.100 

0.002 
0.008 

<0.001 
0.003 

<0.001 
0.001 

0.001 
0.009 
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TABLE  8  -  CARBON  MONOXIDE  PRODUCTION  AS  A  FUNCTION 

OF  CARBURETOR  ADJUSTMENT 

(Cubic  Feet  CO  per  Foot  of  Travel) 


Cars 


Trucks 


Adjustment  of 

18.8  mi/ 

9.4  mi/ 

5.6  mi/ 

Carburetor 

qal 1  on 

r/"  ■ 

qal Ion 

qal 1  on 

Good 

/.•5 

0.000248 

H2.\ 

0.000494 

%C.o 

0.000829 

Average 

0.000646 

.  S^ 

0.001292 

0,002152 

Bad 

5*; -5 

0.001033 

}7f,& 

0.002066 

3  5"%  7 

0.003358 
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Another  factor,  particularly  in  hydrocarbon  concentration, 
the  timing  adjustment  of  the  ignition  spark 
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FIGURE  12  -  CO  OUTPUT  VS  VEHICLE  VELOCITY 
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%   Grade    (x) 


A    =    1 .00    +   0.0542    x 

where    x   =    percent   grade 

A   =    CO   emission   multiplication    factor 
for   cars    on    grade 


(t  wpDCflccX 
DECREASE/    F0R 


GASOLINE  POWERED  CARS 
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%  Grade  (x) 

B  =  1  +  x/2  for  grades  >-0.25% 

B  =  0.91  +  0.11  x  for  grades  <-0.25% 

where   x   =    percent   grade 

B   =    CO   emission    multiplication    factor   for   diesels    on    grade 

FIGURE    14    -    MULTIPLICATION    FACTOR    FOR   GRADIENT    (deCREASe)    F0R    diesels 
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Available  data  has  been  correlated  in  order  to 
establish  an  altitude  coefficient  for  our  mathematical  model 
Two  regression  lines  have  been  computed  as  follows: 


CO  emission  vs  altitude  with  zero  grade 


F  =  1.0  + 


0.166 

1000 


A  -  0.7035xl0_8h2 


(3) 


where  h  =  altitude  above  sea  level  in  feet 

F  =  CO  emission  multiplication  factor 
for  altitude 


b.   CO  emission  vs  grade  at  elevations  exceeding 
7500  ft  above  sea  level 

y  =  92.99  +  28. 2x  +  6.924x2 

where  x  =  percent  grade 


y  =  CO  emission  in  gms/vehi cl e-mi 1 e. 


(4) 
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The  expected  concentration  level  of 
lutant  in  a  given  tunnel  may  be  calculated  if 
data  are  known: 


a  gaseous  pol- 
the  following 


a.  Quantity  of  pollutant  generated 
(cfm/vehi  cl e) 

b.  Traffic  load  (vehi cles/hr) 

c.  Fan  air  flowrate  (cfm/mile) 

d.  Traffic  speed  (miles/hr) 

e.  Ambient  air  pollutant  concentration  (ppm) 


The  average  pollutant 
is  then  calculated  by 


concentration 
the  equation: 


within  the  tunnel  (f 


f(ppm)  =  axbxl06  +  e 
cxd 


(5) 
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In  order  to  calculate  a  more  definitive  profile 
of  a  given  pollutant  through  the  length  of  the  tunnel,  the 
following  elementary  model  was  derived.   The  assumptions 
made  in  the  derivation  are  minimal  hence  the  chief  possible 
source  of  error  is  the  accuracy  of  the  input  data.   The 
assumptions  made  are: 

a.  There  is  no  appreciable  removal  of 
oxygen  nor  production  of  CO2,  or 
water  vapor. 

b.  The  gas  composition  at  a  given 
tunnel  point  has  constant  access 
to  the  tunnel  cross  section. 

c.  Longitudinal  diffusion  is  low. 

Assumption  a  is  implied  by  the  mass  volume  balance 
for  air  flow.   It  states,  essentially,  that  the  net  gain  or 
removal  (of  these  substances)  is  small  when  compared  with 
the  quantity  of  ventilating  air  passing  through  the  tunnel. 
The  combustion  process  is 


3N  +   2 


°2    +    MCH2)N — >NC02    +    (N   +    1)H20         (6) 


where  the  second  term  represents  the  saturated  hydrocarbon. 
This  process  does  produce  a  slight  increase  in  air  volume. 

The  second  assumption  (uniform  composition  at  a 
given  cross  section)  is  based  on  turbulence  induced  by 
traffic.   Since  the  axial  air  velocity  differs  from  the 
vehicle  velocity,  a  turbulent  swirl  is  produced  behind  each 
vehicle  which  tends  to  homogenize  the  tunnel  air.   Also  the 
inlet  and  outlet  air  flow  patterns  minimize  the  possibility 
of  stagnant  air  pockets.   In  the  third  assumption  the  pure 
axial  diffusion  is  extremely  low.   The  axial  diffusion  caused 
by  the  swirls  in  the  wake  of  the  vehicles  is  larger.   How- 
ever for  long  tunnels  it  is  small  when  compared  with  the 
axial  transport  of  pollutants. 

If  these  assumptions  are  applied,  the  differential 
equations  for  pollutant  concentration  become  simple  air  and 
pollutant  mass  balances.   The  differential  equation  for  air 
is 


$ 


M  vo 


(7) 


where  Q  =  quantity  of  air  flow  in  axial  direction 
1  =  length 
vi »vo  =  cross  flow  in  and  out  (quantity  per  unit  length). 
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The  differential  equation  for  pollutant  is 

4|^£l  =  v.cr\0c+z  (8) 

where  C  =  pollutant  concentration 

q  =  ambient  pollution  concentration 

G  =  pollution  generated  per  unit  length  of  tunnel. 

The  above  equations  are  subject  to  the  boundary  conditions: 

Q(0)  =  Q0  (9) 

and         C(0)  =  Cin  (10) 

where  Q0  -  inlet  axial  flow 

Cjn  =  pollution  concentration  at  tunnel  inlet. 

The  above  equations  can  best  be  cast  in  a  "finite 
difference"  form.  Several  forms  are  available  of  which  the 
following  are  the  simplest: 

Q(n)  =  Q(n-1)  +  (Vi(n)-v0(n))dl  (11) 

c(n)  =  V i  ( "  ) C -,- d  1  +  Q(n-1  )c(n-l  )+G(n)      (12) 


where 
(n-1) 

positive 


and 


Vn  and 
(n). 
and 


G  are  evaluated  at  the  mid  point  between 
These  equations  require  that  Q  be  always 
are  always  stable. 


The  computer  program  solves  the  above  set  of 
equations  "stepwise  from  tunnel  entrance  to  tunnel  exit.   The 
step  length  (dl)  may  be  selected  as  desired.   The  program  is 
written  so  as  to  check  the  direction  of  axial  air  flow  at 
each  step  and  will  stop  if  Q  becomes  negative.   For  tunnels 
in  which  air  flow  direction  in  some  segments  is  opposite 
that  in  other  segments,  the  program  would  be  applied  to  the 
individual  tunnel  segments  so  as  to  keep  Q  positive.   Since 
the  exit  air  flow  is  given  the  tunnels  or  tunnel  segments 
may  be  conveniently  linked. 

A  print  out  of  the  program  is  presented  on  page  36. 
The  program  is  normally  read  from  magnetic  tape,  however  a 
punched  tape  recording  of  the  program  has  also  been  prepared 
and  will  be  forwarded  with  this  report.   A  glossary  of  input 
and  readout  data  is  given  on  page  37.   This  lists  the  units 
and  encoding  symbols  used  for  each  of  the  variables  used  in 
the  program. 
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L 

C  P  IS  GU  FT/VEH  MILEJ  QTI/O  IS  CFM/MILEJVI  IS  CFM 
C  TUNNEL  LENbTH  AND  DELT  IS  MILESJVEH  IS  VEH/HH;CONC  ARE  PPM 
DIMENSION  GTK5>*QT0C5> 

24  TYPE  I 

1  FORMAT  </#/*/* "TUNNEL  CONC"#/»"POL.  COEFS" > 
ACCEPT  2*  P1*P2 

2  FORMAT  <E) 
TYPE  3 

3  FORMAT    C/*"TRANS  AIR    IN"* /#"TRANS   AIR   OUT") 
ACCEPT   2*QTIU  >*0TI(2 >*QTl <3>*QTI <4>*QT1<5> 
ACCEPT  2*GT0<1 >*QT0<2>*QTOC3>*QTOC4>*QTO<5> 

6  TYPE  4 

4  FORMAT  C/*"END  AIR  IN  TUNNEL  LENGTH   TUNNEL  DELT  L"  > 
ACCEPT  2*V1*BL*DL 

IF  (VI)  6*7*7 

7  TYPE  27 

27  FORMAT  C/*"VEHICLES/KR;  INLET*  AMBIENT  CONC") 
ACCEPT  2*VEH1*VER2*CI*C0 

TYPE  32 

32  FORMAT  </*"CONT"> 
ACCEPT  2*C0NT 

IF  (CONT)  33*34*34 

33  W=0.0 
GDIS«0.0 

34  TYPE  5 

5  FORMAT  (/*/*"TUNNEL  POS           CONC") 
ALs0.0  

lSWT<=i 

35  IF  <AL*DL-BL>  8*8*36 

36  DLnBL-AL 
ISWV=-ISWT 

8  AL-=AL<DL/2.0 

13  QTIC  =  (((eTI(5>*AL+QTI<4))*AL+QTI(3>)*AL+QTH2))*AL+QTI<l  > 
IF  <QTIC>  15*16*16 

15  TYPE  17*QTIG 

17  FORMAT  C/*" TRANS  IN  IS  NEli"*E> 
00  TO  25  " 

16  QT0Cn(CCQT0(5)*AL+QT0C4))*AL+QT0C3>)*AL+QT0<2)**AL+QT0<l) 
IF  <QT0C>  18x19*19 

18  TYPE  20*OTOC 

20  FORIiAT  C/*"TRANS  OUT  IS  NEfo"*E> 
bO  TO  25 

19  VO"VI+DL*CQTlC-QTOC> 
IF  CVO)  21*22*22 

21  TYPE  23 

23    FORMAT    (/*"   AIR  VEL   ZERO"? 
AL=AL+VO/<QTOC-GTIO+0»5*DL 
bO'TO   25 

22  CI=VI*CI+QT1C*DL*C0+<VEHI*P1+VER2*P2)*1 .6667E4*DL 
CI-CI/(VO*QTOC*DL> 

ALnAL+DL/2.0' 

VJ-VO 

TYPE  28*AL*C1 

28  FORMAT  (/*E*E) 

QDI5"GD1S*QT0C*DL 

u<=v;+UT0C*r)L*ci 

IF  <XGWT>  31*31*35 
31  TYPE  30*VO  ' 
30  FORMAT  </*"DI5CHARUE  FLOW'VE) 

IF(QDIS)  38*24*38 
38       Cl^U/QDXS 

TYPE  3V/CI 

37  FORMAT  (/*"AV'b  CONC"*E> 
1.0  TO  24 

25  TYPE  26* AL 

2C  FORMAT  t/*MP05ITON"*E>  .„■,-«■,»« 

co  to  24  TYPICAL  PRINT  OUT  OF 

uiu  COMPUTER  PROGRAM 
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An  actual  data  computation  is  presented  on  page  39. 
Output  data  consists  of  columns  showing  concentration  levels 
for  a  given  pollutant  at  incremental  distances  along  various 
sections  of  the  tunnel.   Section  boundaries  are  usually  de- 
termined by  blower  shaft  locations  and  changes  in  road  grade 
level  (or  percent  inclination).   The  exhaust  air  flow  from 
the  section  is  given  below  the  concentration/location  columns 
followed  by  the  average  concentration  of  the  given  pollutant 
in  the  exit  air  duct  (where  applicable). 
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ropriate  emission  rates  proved 
strating  task.   The  XIII  World  Con- 
showed  that  a  great  discrepancy 
ission  rates.   Some  of  the  data  re- 
e  dated  back  to  1919,  and  it  was  found 
s  this  data  is  still  being  used  to 

Table  7  shows  the  emission  rates  of 
rom  gasoline  and  diesel  engines  as  a 
ration  as  reported  in  1965.   This 
orts  emission  rates  of  CO  as  a  function 
t  for  cars  and  trucks  (Table  8). 


Table  9  lists  the  emission  rates  for  CQ^s  sum- 
marized in  XIII  World  Congress  on  Road  Tunnels. (22'  This 
table  represents  the  best  data  available  in  1957  and  is  com- 
posed primari ly .of . resul ts  reported  by  the  Coordinating  Re- 
:ouncil. (23' 


search  Ci 


The  Surgeon  General's  Report  of 
emission  rates  for  late  1950  automobiles, 
the  results;  values  for  H-C  and  N0X  are  shown  in  this  table 
also  and  will  be  discussed  later. 


1962<24)  lists  the 
Table  10  lists 


Over  the  past  few  years,  the  emission  rate  of  CO 
from  gasoline  powered  vehicles  has  been  decreasing.   Table  11 
shows  the  emission  rates  for  pre-1966,  1966-1969  and  1970        . 
passenger  cars  and  light  trucks  as  well  as  heavy  duty  trucks!25 »25 ' 

Stormont'2^)  reports  emission  rates  of  65  g  CO/veh- 
mi  for  1965-1967  models,  35  gm  CO/veh-mi  for  1968  models, 
25  gm  CO/veh-mi  for  1969  and  1970  models.   A  target  of  4.7  gm 
CO/veh-mi  is  set  for  1975  models. 

Federal  Regulations  for  CO  emissions  as  reported  in 
Environmental  Science  and  Technology(28)  are: 


Year 


gm  CO/veh-mi 


1968 

35.1 

1970 

23.0 

1972 

39.0 

1975 

4.7 

38 


0.7209   0.3341 

TRANS   AIR    IN 

TRANS  AIH  OUT  0.4684E6  0  0  0  0 

0.264E6  0  0  0  to 

end  aih  in  tunnel  lenbth  tunnel  delt  l28600  0.235  0.02 
vehicles/hr;  inlet*  anient  conc  11&0  352  0  0 

CONT-I 


TUNNEL  POS 
0.200000E-1 
0.400000E-1 
0.599999E-1 
0.800000E-1 
0.999999E-1 
0.119999E+0 
0.139999E+0 
0.159999E+& 
0.179999E+0 
0.199999E+0 
0.219999E+0 
0.2350O0E+0 

DISCRAKbE  PLOW 


0 


CONC 
0.850087E+1 
0.142818E+2 
0.1&3770E+2 
0.213752E+2 
0.236307E+2 
0.253666E+2 
0.267267E+2 
0.27815SE+2 
0.2869S4E+2 
0.294170E+2 
0.300154E+2 
0.304023E+2 
-766339E+5 


Section  N4 

40  ppm 

CO  Monitor  Chart  Reading 


AVb  CONC  0.235749E+2 


TUNNEL  CONC 

POL.  COEFS  0.9876  0.86 

TRANS  AIR  IN 

TRANS  AIH  OUT0.6011E6  0  0  0  0 

0.6266E6  0  0  0  0 

end  aih  in  tunnel  lenuth  tunnel  delt  l  0.76634e5  0.4868  0.05 
vehicles/hr;  inlet*  ambient  conc  1180  352  30.4  0 

CONT-l 


TUNNEL  POS  CONC 

0.5000U0E-1  0.333033E+2 

0.1Uu)kJt3t3L  +  kJ  0.3S41 40E+2 

0.1S000WE+0  0.369414E+2       Section 

0.200000E+0  0.3b0414fc;+2 

0.250000E+0  0.3bb298E+2 

0.3000O0E+0  0.393920E+2 

0.35O000E+0  0.39790911+2 

0.399999E+0  0.400723E+2 

0.449999E+0  0-40269bE+2 

0.466600E+0  0.403804E+2 

DISCHARbE    PLOW  0.642205E+5 
AVO    CONC    0.381655E+2 


N3 
50 
CO 


ppm 

Monitor  Chart  Reading 


TUNNEL  CUNC 

POL.  COEFS  1.1944  2.7607 

TRANS  AIH  IN 

TRANS  AIH  OUT  0.&786E6  0  0  0  0 

0.&76E6  0  0  0  0 

END  AIH  IN  TUNNEL  LENbTri   TUNNEL  DELT  L  0.642205E5  0.4621  0.05 

VEHlCLES/HH;  INLh.T#  AMBIENT  CONC  1 1  bo  352  40.38  0 

CONT-l 

PORTION  OF  COMPUTER  PRINTOUT 
FOR  LINCOLN  TUNNEL-WESTBOUND  TUBE 
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TABLE  9   -  CO  EMISSIONS  REPORTED  IN  REFERENCE  22 
Emission  Rate  gm  CO/veh-mi 


Speed 

(mnh ) 

Downgrade 

Level 

Accelerati  on 

Upgrade 

?£ 

£  3 

y<? 

"'Jx 

5 

■  /  ■ 

73 

35 

41 

56 

r 

195 

86 

(■3 

30 

45 

64 

225 

99 

s 

6 

^/ 

(3 

25 

40 

70 

269 

112 

20 

56 

78 

311 

128 

i? 

2.  f 

«5 

?! 

15 

74 

99 

410 

159 

?■*- 

Z-7 

/<£S 

^ 

10 

106 

128 

573 

214 

40 


TABLE  10  - 


GRAMS  OF  POLLUTANT  EMITTED  PER  MILE  FOR 
FIXED  MDDE  OF  OPERATION 
(gm/veh-mi ) 


Mode 


Cruise: 
20  miles 
30  miles 
40  miles 
50  mi les 


per 
per 
per 
per 


hour 
hour 
hour 
hour 


Acceleration : 

0  to  60  miles  per  hour 
0  to  25  miles  per  hour 
15  to  30  miles  per  hour 

Decelerati  on : 

50  to  20  miles  per  hour 
30  to  15  miles  per  hour 
30  to  0  miles  per  hour 
40  to  20  miles  per  hour 


CO 

Gross  HC 

Mx 

72 
57 
47 
40 

9.1 
6.4 
5.4 
7.7 

2.7 
5.2 

381 
240 
120 

28 
29 
14 

10.2 

26 
40 
60 
30 

6.8 
5.9 
7.7 
5.0 
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This  applies  only  to  light  duty  vehicles. 

Many  other  references  were  reviewed  and  are  in- 
cluded in  the  Bibliography  section  of  this  report.   For  the 
current  mixture  of  model  years  we  have  selected  an  average 
CO  emission  rate  from  gasoline  powered  vehicles  of  40  gm  CO/ 
yeh-mi .   If  the  Federal  Standards  are  met  and  as  older  models 
are  phased  out  of  operation,  this  value  will  decrease. 

Less  information  was  found  on  CO  emission  from 
diesel  powered  vehicles,  and  again  some  of  this  information 
was  contradictory.   For  example,  all  references  on  CO  emis- 
sion from  diesel  engines  listed  some  positive  values,  whereas 
the  Surgeon  General's  Report  of  1962(24)  listed  an  emission 
rate  of  zero  for  CO.   Rispler  ('2)  reported  a  CO  emission 
rate  for  diesel  engines  at  40  mph  cruise  of  4.3  gm/veh-mi. 
Rose(29)  reported  an  emission  rate  of  CO  from  diesels  of 
about  3.5  gm/veh-mi  under  crui se,  condi tions .   From  this 
limited  data,  we  conclude  that  under  cruise  conditions,  the 
CO  emission  rate  from  diesels  is  M  gm/veh-mi.   Emission  rates 
of  CO  from  diesels  for  the  effects  of  road  grade  can  be  ad- 
justed using. the  data  in  Figure  Ik. 

Hydrocarbon  emissions  have  been  studied  by  a  number 
of  investigators.   In  the  case  of  hydrocarbons,  emissions 
are  much  more  dependent  upon  the  condition  of  the  car  and 
the  emission  control  devices  installed  on  cars  than  are  CO 
emission  rates.   The  Surgeon  General's  report(24)  listed 
the  emission  rates  as  a  function  of  mode  of  operation. 
(Table  10).   This  same  reference  reports  diesel  emission  of 
H-C  as  4.5  gm  H-C/veh-mi  at  30  mph  (cruise),  20.5  gm  H-C/ 
veh-mil  under  acceleration  and  17.3  gm  H-C/veh-mi  under 
'decelerati  on. 

Stormont(27)  reports  H-C  emissions  according  to 
the  year  of  the  automobile  under  cruise  conditions.   The 
values  are: 


Year 

1965-1967 
1970 
1972 
1975 


gm  H-C/veh-mi 

12 
6 
2 


0.5  (Projected) 


The  Federal  Standards (28,  30)  for  H-C  emissions 
from  passenger  vehicles  are  as  follows: 


Year 

1972-1974 
1975 


gm  H-C/veh  mi 

3.4 
0.46 
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These  values  apply  to  light  duty  vehicles  only. 

In  1965,  Rose'29)  reported  H-C  emission  for  gaso- 
line and  diesel  engines  under  cruise  conditions  as  5.8  gm 
H-C/veh-mi 1  and  6.2  gm  H-C/veh  mi,  respectively. 

On  the  basis  of  the  data  which  were  compiled  on 
H-C  emissions,  we  selected  an  average  emission  rate  of  2.7  gm 
H-C/veh-mi  for  gasoline  powered  vehicles  and  3.4  gm  H-C/veh-mi 
for  diesels.   Hydrocarbon  emission  by  diesels  are  about  8.0 
gms/veh-mi  under  accelerating  conditions  and  10.5  gm/veh-mi 
under  decelerating  conditions. 


The  emission  of  oxides  of  nitrogen  from  motor  ve- 
hicles exhaust  is  generally  reported  in  terms  of  N0X,  i.e., 
the  total  of  NO  plus  N02.   Studies  have  shown  that  approxi- 
mately 80%  of  the  N0X  emitted  is  in  the  form  of  NO.   In 
tunnels,  where  the  residence  time  of  the  exhaust  gases  is 
of  the  order  of  seconds,  there  is  little  time  for  NO  to  con- 


vert to  NO2,  hence  approximately 
is  there  as  NO. 


80%  of  the  N0V  in  tunnels 


The  Surgeon  General's  Report  lists  NO  emissions 
of  2.6  gm  NOx/veh-mi  at  30  mph  and  5.2  gm  NOx/veh-mi  at  50 
mph  cruise.   The  same  reports  lists  the  emission  from  diesels 
as  8.9  gm  NOx/veh-mi  and  8.8  gm  NO/veh-mi  under  acceleration. 

Stormont  reported  N0X  emissions  according  to  the 
vehicle  year: 

Emission  Rate 
Year         (gm  NOy/veh-mi) 


1960 

6 

1965-1971 

5 

1972 

4 

1973 

3 

1975 

1 

The  values  listed  for  1972-1975  are  projected  values. 

Rose  reported  an  emission  rate  of  3.9  gm  NOx/veh-mi 
for  gasoline  engines  in  the  cruise  mode.  Diesels  in  a  cruise 
mode  emitted  10.0  gm  N0x/veh-mi. 

Although  the  data  are  limited  with  respect  to  N0X 
emission,  the  reported  values  are  in  relatively  good  agree- 
ment.  We  have  selected  an  emission  rate  of  4.0  gm  NO/veh-mi 
for  gasoline  engines  and  8.0  gm  NO/veh-mi  for  diesel  engines. 
It  must  be  recognized  that  various  driving  modes  will  change 


these  emission  rates,  but  the  data  on 
function  of  driving  mode  is  limited. 


N0„  emissions  as  a 
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The  data  on  particulates  are  even  more  limited 
than  for  other  exhaust  contaminants.   Frey  and  Corn^31' 
studied  the  particle  size  and  concentration  in  vehicle  ex- 
haust gases.   The  particle  size  ranged  from  0.01  to  5  u. 
Gasoline  engines  were  reported  to  emit  0.4  gm/veh-mi  while 
diesel  engines  emitted  5.0  gm/veh-mi.   The  Environmental 
Protection  Agency'32)  has  set  standards  for  particulate 
emissions  for  1975  model  cars  -  0.1  gm/veh-mi. 

In  summary,  it  has  been  difficult  to  select  standard 
emission  rates  for  gasoline  and  diesel  powered  vehicles  under 
various  driving  modes,  with  the  possible  exception  of  CO. 


However,  by  limiting  the  selection 
during  the  1 960 ' s  only,  we  believe 
representative  of  the  gasoline  and 
mix  which  is  currently  on  the  road 
we  have  selected  are  as  follows: 


of  emission  rates  reported 
the  selected  rates  are 
diesel  powered  vehicle 
The  emission  rates  which 


Type  of 
Vehicle 

Gasoline 

Diesel 


Mode  of 
Operation 

Cruise* 

Cruise 


Emission  Rates  (gm/veh-mi) 

N0V    Particulates 


CO,    HC 

40    2.7 

4.0   3.4 


Gasoline    Projected  1970   23    2.2 
Gasoline    Projected  1975**  4.7   0.5 


-x 

4.0 

8.0 


0.9 


0.4 
5.0 

0.1 


♦Emission  rates  for  CO  can  be  corrected  for  grade  by  using 
factors  given  in  Figures  13  and  14. 
♦♦Federal  Standards 


1. 
2. 
3. 

4. 
5. 


Baltimore  Harbor  Tunnel 
Allegheny  Mountain  Tunnel 
Lincoln  Tunnel 
Fort  Pitt  Tunnel 
Armstrong  Tunnel 


In  most  cases,  the  CO  levels  of  the  tunnel  were  taken  from 
the  continuous  monitoring  data  while  in  one  case  CO,  H-C,  NO 
and/or  particulates  were  measured. 
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The  Baltimore  Harbor  Tunnel  is  a  6700  ft  long  dual 
tube  tunnel  which  is  part  of  an  expressway  circling  the  city 
of  Baltimore.   The  Harbor  Tunnel  is  located  beneath  the 
Patapsco  River.   The  northern  portal  and  ventilation  building 
are  surrounded  by  industrial  plants  while  the  southern  one  lies 
in  rather  open  country.   Tolls  are  collected  at  booths  located 
about  0.7  miles  from  the  south  portal.   Each  tube  is  staffed 
by  3  or  4  patrolmen  on  a  continuous  basis  with  a  shift  change 
every  two  hours.   Each  tunnel  patrolman  spends  a  total  of  4 
hours  per  day  inside  the  tunnel  -  most  of  the  time  in  semi- 
enclosed  shelter  booths.   The  traffic  load  varies  from  55,000 
to  75,000  vehicles  per  day.   Transverse  ventilating  is  used 
and  CO  is  continuously  monitored  in  the  exhaust  stacks. 

One  of  the  chief  reasons  for  selecting  the  Harbor 
Tunnel  for  our  survey  was  the  fact  that  complete  records  are 
maintained  which  include  the  following: 

•  Traffic  counts  and  traffic  type, 
according  to  number  of  axles 

•  Continuous  ventilation  rate  data 

•  Detailed  accounting  of  all  traffic 
stoppages  in  the  tunnel 

•  Complete  set  of  engineering  drawings 

•  Ambient  weather  conditions. 

During  the  visit  spot  checks  were  taken  of  traffic  count  and 
mix  and  vehicle  residence  time  or  speed.   Particulate  samples 
were  also  obtainedby  portable  MSA  mine  samplers  placed  on 
the  tunnel  catwalk.   The  weight  per  unit-volume  of  sample 
collected  was  about  0.6  mg/m^  which  is  the  same  concentration 
as  the  sample  taken  at  the  Fort  Pitt  Tunnel.   The  average  CO 
concentration  in  the  tunnel,  as  recorded  by  monitors  sampling 
exit  air,  averaged  about  75  ppm  over  a  three  day  period  and 
rarely  exceeded  180  ppm  during  peak  traffic  periods. 

Traffic  counts  were  made  of  both  gasoline  and 
diesel  powered  vehicles  in  the  east  tube  over  a  period  of 
about  15  mins.   The  CO  traces  for  this  period  were  then  ob- 
tained from  the  Baltimore  Harbor  Tunnel  authorities.   Figure  16 
shows  the  road  grade  of  the  tunnel  and  the  reported  ventilation 
rates  for  the  period  during  which  traffic  counts  were  made. 
Figure  17  is  an  actual  trace  of  the  CO  monitors  in  the  tunnel 
during  the  period  when  traffic  counts  were  made.   The  inputs 
to  the  computer  program  included: 

1.  Ventilation  pattern  and  flow  rates, 
road  gradient  and  tunnel  section 
lengths  are  shown  in  Figure  16. 

2.  Traffic  count  and  mix:   1260  gas/hr 

268  diesel/hr 

I  5  l 
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CO  Concentration  (parts  per  10,000) 


Ol 


1  2    AM 

/ 

1  1     AM 

■ 

\ 

10    AM 

• 

-1— 

12  AM 


11  AM- 


10  AM 


1 

f^h 

\ 

1 

, 

FIGURE  17  -  ACTUAL  TRACE  OF  CO  MONITOR  READINGS  IN  THE 
BALTIMORE  HARBOR  TUNNEL 
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3.  Vehicle  velocity: 

4.  Ambient  CO  level  : 

5.  Piston  effect: 

6.  Emission  rate  for 


42-50  mph 
2  ppm  assumed 
^23%  of  fan  rates 
(50,000  cfm) 
CO  as  a  function 


of  the  above  conditions. 


The  CO  concentration  profile  calculated  by  the 
mathematical  model  method  is  presented  in  Figure  18.   The 
sharply  defined  maximum  and  minimum  values  are  similar  to 
pattern  obtained  by  other  investigators.   These  peaks  are 
caused  by  the  combined  effects  of  ventilation  patterns  and 
CO  emission  rate  differentials. 


the 


Since  the  tunnel  CO  monitor's  sampling  probes  are 
installed  in  the  exit  air  ducts  instead  of  at  road  level,  a 
direct  comparison  with  calculated  results  at  a  given  point 
in  the  tunnel  can  only  be  obtained  by  actual  CO  measurement 
at  a  given  point.   However,  an  average  CO  concentration  calcu- 
lated from  the  profile  values  should  agree  with  the  CO  levels 
indicated  by  the  permanent  tunnel  CO  monitors.   Hence  an 
additional  step  was  added  to  the  computer  program  which  yields 
average  CO  concentration  values  at  the  end  of  each  tunnel 
section  and  a  cumulative  average  value  for  a  series  of  com- 
bined tunnel  sections.   Average  CO  concentration  values  ob- 
tained were: 

a.  71.1  ppm  for  Section  (1  and  2) 

b.  75.9  ppm  for  Sections  (3,4,  5  and  6) 


Actual  values  taken  from  the  recorders  in  the  control 
during  the  time  of  this  test  were,  respectively: 


room 


a. 
b. 


60  i 
65  + 


15 
15 


ppm 
ppm 


(1  and 
(3,  4, 


2) 

5  and 


6). 


Figure  19  is  a  plot  of  these  average  results.   The  results 
indicate  that  the  computed  CO  level  falls  within  the  measured 
CO  concentration. 
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yielded  values  of  600  ft/min  at  a  point  30  ft  from  the  intake 
fan  and  390  ft/min  at  duct  midpoint. 

Traffic  and  gas/diesel  mix  was  rather  constant 
throughout  the  day  and  was  nearly  identical  in  both  directions 

295  ±  10  gasoline  vehicles/hr 
105  ±  5  diesel  vehicles/hr 

Average  speed  for  the  vehicles  was  determined  by  telephone 
communications  at  each  portal 9  and  was  55  to  60  mph  for  cars 
and  50  mph  for  large  trucks. 

Carbon  monoxide  monitoring  instruments  are  located 
in  the  ventilation  building  control  rooms.   Air  inlet  probes 
are  located  in  three  niches  in  the  wall  of  each  tube.   The 
CO  levels  indicated  by  the  center  tunnel  monitors  are  gen- 
erally higher  than  those  of  the  other  monitors.   However,  the 
concentration  ranges  of  all  six  monitors  were  below  40  ppm 
throughout  the  day  of  our  visit.   (Fig.  20) 


Input  parameters: 

Traffic  count  and  mix: 

Ventilation  flow  rate: 

Ambient  CO  level  : 
Road  gradient: 
Tunnel  length: 


291  gas/hr 
110  diesel/hr 
450,000  cfm/duct 
(see  Fig.  20) 
1 . 0  ppm  assumed 
See  Fig.  20 
See  Fig.  20 


The  CO  level  was  quite  low  and  nearly  constant 
throughout  the  length  of  the  tunnel  during  the  period  that 
the  traffic  counts  were  made.   Monitors  located  in  niches 
at  three  points  inside  the  tunnel  each  showed  CO  levels 
averaging  20  ppm.   Since  the  response  accuracy  of  the  moni- 
tors is  I  10  ppm  the  computed  result  (15  ppm  CO)  is  considered 
in  agreement  with  actual.   If  a  20%  factor  is  added  for  piston 
effect  the  calculated  average  CO  concentration  drops  to  12  ppm 
which  is  still  in  agreement  with  the  monitors. 

Other  potential  conditions  for  the  Allegheny  Tunnel 
were  computed  (Figure  21).   These  included: 

1.  1000  cars/hr  @  40  mph  with  450,000  cfm 
forced  and  50,000  cfm  natural  and  piston 
ventilation  (Curve  A). 

2.  A  complete  power  failure  with  1000  cars/hr 
@  40  mph  with  a  180,000  cfm  piston  effect 
(Curve  B). 
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3.  A  traffic  jam  with  a  forced  ventilation 
rate  of  600,000  cfm  (Curve  C). 

4.  A  traffic  jam  with  a  forced  ventilation 
rate  of  450,000  cfm  (Curve  D). 

With  1000  cars  traveling  at  40  mph  and  a  ventilation  rate  of 
450,000  cfm,  the  average  CO  concentration  would  be  35  ppm. 
Under  a  traffic  jam  condition,  the  CO  would  be  160  ppm 
with  a  600,000  cfm  ventilation  rate  and  225  ppm  with  a 
450,000  cfm  ventilation  rate.   With  a  power  failure  where 
the  only  ventilation  would  be  due  to  the  piston  effect,  the 
CO  profile  would  range  from  zero  at  the  entry  portal  to 
150  ppm  at  the  exit  portal. 

Traffic  counts  were  made  at  the  Lincoln  Tunnel 
in  New  York  City  and  CO  data  from  the  permanent  monitors 
in  the  tunnel  were  acquired.   This  information  was  used  to 
predict  the  CO  level  in  various  sections  of  the  tunnel  and 
to  compare  the  predicted  with  the  actual  concentration. 
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The  carbon  monoxide  profile  of  the  Lincoln  Tunnel- 
north  tube  was  calculated  using  the  PNYA  model.   The  results 
were  then  compared  with  observed  CO  values  as  shown  in 
Figure  22.   Agreement  between  observed  and  calculated  CO 
profiles  is  good  except  at  the  tunnel  portals. 
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concentrations  deviated  somewhat  from  the  measured  concen- 
trations.  This  was  also  true  in  the  case  where  two-way  traffic 
was  used  in  the  center  tube  (Figure  25).   However,  with  the 
two-way  traffic  pattern  the  calculated  and  measured  CO  con- 
centrations followed  the  same  general  trend.   Deviations  of 
the  actual  values  from  calculated  values  could  be  due  to  in-  - 
correct  ventilation  rate  data,  incorrect  CO  readings,  incorrect 
inlet  air  CO  concentrations  or  an  error  in  the  computer  pro- 
gram.  However,  the  latter  reason  is  unlikely  since  good  agree- 
ment between  actual  and  calculated  values  were  found  in  all 
other  tunnels  tested  as  well  as  the  north  tube  of  the  Lincoln 
Tunnel  . 

The  Fort  Pitt  Tunnel  is  a  dual-tube  urban  tunnel 
which  carries  Interstate  Route  1-76  into  downtown  Pittsburgh, 
Pa.   Each  tube  is  4900  ft  long  and  has  a  road  level  grade  of 
Mo   except  at  one  end  of  the  West  tunnel  which  has  a  3.5%  up 
grade  for  about  400  ft.   (The  North  portals  are  on  two  differ- 
ent levels  which  correspond  to  the  decks  of  the  approach  bridge.) 
Atmospheric  conditions  were  cloudy,  light  rain  all  day,  very 
little  wind,  temperature  50  to  54°F  during  the  day  when  actual 
measurements  were  made. 
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eries  of  30-minute  counts  were  taken  at  various 
out  a  typical  week  day.   Results  showed  that  the 
varied  from  1500  to  1900  vehicles  per  hour  per 
9  A.M.  and  4  P.M.  and  3200  to  3400  vehicles  per 
times  (4  to  6  P.M.  outbound  tube  and  7  to  9  A.M. 
ring  the  night  the  rate  is  usually  down  to  200- 
except  when  a  sports  or  civic  event  is  scheduled, 
gasoline  engine  powered  to  diesel  powered  vehicles 
3/1  in  late  morning  to  66/1  during  the  evening 
raffic  normally  moved  through  the  tunnel  at  45  to 
eak  periods  speeds  fall  to  20-25  mph.   Since  the 
ng  between  vehicles  is  about  20  ft,  the  maximum 
tion  is  250  vehicles  per   tube.   The  population 
ncrease,  of  course,  in  case  of  a  stoppage. 


empl oy 
intake 
lines 
in  the 
tunnel 
350  ft 
signal 
m  o  n  i  t  o 
the  n  i 
day  it 
rises 
fan  sp 
i  ncrea 


In 
semi -t 
fans  b 
for  the 
tunnel 
employ 
in  fro 
s  from 
red  by 
ght  the 

rises 
to  100 
eeds  ar 
ses . 


the  Fo 
ravers 
ut  no 
CO  mo 
wal  1 
ed  two 
m  the 
each  o 
operat 
CO  le 
to  abo 
ppm. 
e  not 


rt  Pit 
e  or  s 
exhaus 
ni  tori 
about 

moni  t 
portal 
f  the 
ing  pe 
vel  is 
ut  50 
Peak  p 
i  n  c  r  e  a 


t  Tunn 
emi -1 o 
t  fans 
ng  equ 
9  ft  a 
ors  pe 
sort 
four  H 
rsonne 
norma 
ppm  ex 
e  r  i  o  d 
s e d  in 


el  ,  a 
n  g  i  t  u 
,  the 
ipmen 
bove 
r  tub 
unnel 
opcal 
1  in 
lly  a 
cept 
level 
adva 


s  in  most 
dinal  ven 

air  samp 
t  are  mou 
roadway  1 
e ;  each  o 

ends.   T 
i te-type 
the  contr 
bout  10  p 
at  peak  p 

may  rise 
nee  of  po 


tunnels  which 
t  i 1  a  t  i  o  n  with 
ling  intake 
nted  in  niches 
e  v  e 1 .   This 
ne  located  about 
he  recorded 
detectors  are 
ol  room.   During 
pm.   During  the 
eriods  when  it 

to  250  ppm  if 
llution  emission 


58 


■!-» 

A 

C    0) 
f-H- 

•«J 

c 

E«t- 

O    C 

o 

"^.  a> 

(_>    0) 

u 

■M 

■u 

■r" 

•^    . 

M 

■•-> 

«*-  c 

" 

•■    £J3 

1- 

•t_ 

u 

O                    I 

oi  as 

H- 

o.  a» 

O  +J 

;      f 

e  o.«c 

<o 

<♦- 

o  «/» 

3 

u 

OH- 

O  -r- 

i      ■ 

t/l  O 

1- 

z 

a 

r-    O.                      1 

i      • 

o 
o 
o 


a: 

o 


<C  00 


o 

o  a: 
lu 

Q  h- 
UJ  Z 
h-  LU 

<c  o 
-J  I 
3  -J 

O  UJ 

—I  z 

<c  z 

o 
z  z 

<C  -J 

o 

-J  o 

«c  z 


< 


CM 

UJ 
CC 


(uidU)  03 


59 


o  c 

(_>    CJ 

••    EJ3 
<D    C3.  E 

E  o-<: 

3  _ 
to  O 
to  i — 


A 


V 


c 
o 

•t-   o 

c  <u 

0«4- 

z:  <u 


© 


I 

r 
i 
i 

CM 

<_> 

l_> 

1 

o 

o 


o 


00 
UJ 

ZD 
_l  o 


o< 

I- 

Q 

LU  >- 

-J 

13  CM 


<£  LU 
CJ  Z 

Q  ID 
2=  I— 


I—  Z 
O  i-h 
«C  -J 


If) 

CM 
LU 


c 

CM 


(wdu)    03 


60 


Spot  checks  of  CO  content  at  catwalk  levels  were 
made  with  a  portable  detector.   Readings  during  off-peak  hours 
agreed  with  the  CO  values  recorded  in  the  control  room.   At 
peak  traffic  hours,  however,  the  spot  check  values  ranged 
about  60  ppm  higher  than  .those  recorded.   In  a  more  complete 
analysis  of  CO  level  variations  in  the  Fort  Pitt  tunnel,  it 
was  demonstrated  that  the  CO  level  in  the  central  portion  of 
the  tunnel  may  be  considerably  higher  than  that  at  the  ends 
(Figure  26). 

Each  tube  contains  six  fans  -  three  at  each  end. 
Only  two  of  the  three  are  used  as  fresh  air  input  fans.   The 
third  fan  is  used  as  an  emergency  exhaust.   Fresh  air  is  supplied 
through  ceiling  ducts  from  either  end  of  each  tube.   Vitiated 
air  is  exhausted  through  the  traffic  portals.   Considerably 
more  air  is  exhausted  via  the  traffic  exit  portal  due  chiefly 
to  the  addition  of  the  piston  effect.   The  magnitude  of  this 
difference  was  measured  by  taking  anemometer  readings  on  the 
catwalk.   Air  velocity  at  the  inlet  portal  ranged  from  about 
820  ft/min  compared  with  1210  ft/min  at  the  exit  portal. 

Air  flow  rates  are  adjusted  manually  from  the  con- 
trol room  according  to  traffic  demand.   Flow  rates  range  from 
121,000  cfm  (night-downgrade)  to  535,000  cfm  (peak-upgrade) 
with  a  maximum  fan  capacity  of  714,000  cfm  (upgrade  tunnel). 
Each  fan  can  provide  for  up  to  85%  of  the  normal  requirement 
for  its  particular  duct. 

Ten-minute  observations  were  carried  out  at  various 
hours  along  the  tunnel  catwalk.   Results  showed  an  average 
noise  level  of  97  dBC  with  peaks  up  to  106  dBC.   The  peaks 
were  produced  by  the  passage  of  large  trailer  and  cab  type 
trucks.   Operating  and  maintenance  personnel  are  normally 
not  exposed  to  these  sound  levels  for  extended  time  periods. 

A  constant  volume  air  sampler  was  placed  in  operation 
at  a  point  264  ft  from  the  south  portal  of  the  east  tube  on 
the  catwalk  with  the  sampling  inlet  away  from  the  stream  of 
traffic.   A  filter  paper  disc  (MSA  Part  No.  25310)  was  used 
with  a  sampling  flow  rate  of  15  cfm.   The  sampler  was  operated 
for  5  hours  during  the  off-peak  hours  (11  A.M.  to  4  P.M.).   A 
total  of  68  mg  of  particulates  were  collected  which  represents 
a  density  of  0.6  mg/m3. 

A  3.2  gm  sample  of  particulates  was  collected  from 
the  floor  of  the  room  housing  the  Fort  Pitt  tunnel  south  portal 
ventilation  fans.   An  analysis  of  this  sample  was  performed  by 
an  emission  spectroscopy  method.   The  results  are  shown  in 
Table  12.   Extraction  with  benzene  showed  that  the  sample  was 
9355  benzene  soluble  (organic). 
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TABLE  12  -  ANALYSIS  OF  MATERIAL  COLLECTED 
FROM  VENTILATION  BUILDING  OF 
THE  FORT  PITT  TUNNEL* 


Component  Concentration 

Iron  7.5% 

Aluminum  3.6% 

Magnesium  1% 

Silicon  14% 

Boron  90  ppm 

Cobalt  10  ppm 

Manganese  8000  ppm 

Tin  150  ppm 

Lead  2000  ppm 

Chromium  400  ppm 

Titanium  1000  ppm 

Nickel  500  ppm 

Molybdenum  200  ppm 

Vanadium  200  ppm 

Sodium  1500  ppm 

Niobium  <100  ppm 

Calcium  <100  ppm 

Zinc  1000  ppm 


*This  is  an  analysis  of  the  benzene  in  soluble  fraction 
of  the  collected  material. 
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Samples  were  taken  for  total  hydrocarbons  and  NO, 
also.   The  total  hydrocarbon  samples  were  taken  in  glass 
sampling  bombs  and  ultimately  transferred  to  the  laboratory 
and  analyzed.   Samples  for  NO  were  collected  and  analyzed  by 
the  Saltzman  Method. (33) 
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One  naturally  ventilated  tunnel,  the  Armstrong  Tunnel 
in  Pittsburgh,  was  visited  and  data  were  collected  on  CO  con- 
centration and  noise  level.   This  two-tube  tunnel  is  located 
near  downtown  Pittsburgh,  Pa.   It  carries  city  traffic  a 
distance  of  1350  ft  and  lies  beneath  the  campus  of  Duquesne 
University.   Traffic  lights  are  located  at  the  intersections 
at  either  end  of  the  tunnel.   Since  this  tunnel  has  no  venti- 
lating fans,  it  was  selected  as  an  ideal  location  to  study 
piston  effect.   The  tunnel  is  also  used  by  pedestrians  (in 
one  tube  only). 

The  number  of  vehicles  admitted  to  the  tunnel  is 
limited  by  the  cycle  of  the  traffic  control  lights.   In  the 
west  tube  approximately  18  vehicles/min  are  admitted  while 
in  the  east  tube  the  number  is  about  33  per  minute..  Traffic 
speed  is  maintained  at  about  30  mph.   Backing  does  occur  at 
the  traffic  lights.   This  normally  involves  6  to  12  vehicles 
for  times  of  30  seconds.   Gas/diesel  ratio  ranges  from  10:1 
to  20:1.   Pedestrian  traffic  averages  8  per  hour  with  an 
average  walk-through  time  of  approximately  four  minutes. 

Readings  taken  with  a  portable  Hopcalite  detector 
averaged  50  ppm  inside  the  tunnel  with  an  increase  to  200  ppm 
at  the  portal  at  which  backed-up  traffic  occurs,.   Anemometer 
determinations  of  air  movement  showed  that  a  velocity  of  370 
ft/min  was  maintained  at  sidewalk  level  with  an  intermittent 
flow  of  1050  vehicles  per  hour.   Assuming  a  tunnel  cross- 
section  of  435  ft2,  the  volumetric  flow  rate  could  be  as  high 
as  150,000  cfm.   The  CO  output  for  18  cars  at  30  mph  is  18  x 
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60  gms/mile  or  270- gm  per  tunnel  length  (1/4  mi).   Since 
vehicles  require  30  sec  to  pass  through  the  tunnel  the  CO 
emission  rate  is  540  gms/min  or  15.3  cfm.   Assuming  a  ven- 
tilation rate  of  150,000  cfm  (4,860,000  gms/min)  yields  a 
possible  average  tunnel  CO  concentration  of  110  ppm.   Figure 
27  shows  the  measured  CO  profile.   Traffic  noise  ranged  from 
88  to  93  dBC. 

In  conclusion,  the  computer  program  appears  to 
adequately  predict  the  pollution  level  of  CO  in  tunnels  as 
a  function  of  the  variables  which  are  fed  into  the  program. 
Computed  values  for  hydrocarbons  and  NO  appear  to  be  reliable 
in  some  cases  and  unreliable  in  others.   However,  emission 
rates  for  the  contaminants  are  not  as  well  defined  as  are 
emission  rates  for  CO  and  vary  considerably  depending  upon 
the  mechanical  condition  and  age  of  the  car. 
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PHYSIOLOGICAL  EFFECTS  OF  TUNNEL  CONTAMINANTS 


The  objectives  of  this  phase  of  the  program  were 
to  evaluate  the  effects  of  vehicle  tunnel  impurities  on  both 
in-tunnel  workers  and  the  transient  public,  and  to  set  limits 
for  maximum  allowable  concentrations  for  manned  tunnels  as 
well  as  safety  and  comfort  levels  for  unmanned  tunnels. 
Selection  of  the  impurities  for  which  limits  were  set  was 
based  on  the  contaminants  which  were  found  in  tunnels  and 
the  concentration  levels  at  which  these  contaminants  were 
present  in  vehicular  tunnels.   The  Industrial  Health  Foun- 
dation, Inc.  of  Pittsburgh  served  as  a  subcontractor  on  this 
phase  of  the  program.   The  final  report  from  Industrial 
Health  Foundation  is  included  as  Appendix  I  of  this  report. 
The  selection  of  specific  limits  was  the  responsibility  of 
MSAR  and  selected  limits  along  with  the  criteria  for  se- 
lection of  these  limits  were  submitted  to  and  reviewed  by 
the  Environmental  Protection  Agency. 


Table  14  is  a  composite  listing  of  ranges  of  tunnel 
contaminants  measured  in  a  number  of  different  tunnels.   These 
values  serve  to  compare  relative  concentrations  and  therefore 
provide  a  basis  on  which  to  select  those  contaminants  for 
which  limits  should  be  set. 

Carbon  monoxide  levels  in  tunnels  frequently  exceed 
the  Threshold  Limit  Value  (50  ppm)  and  occasionally  exceed 
the  Short  Term  Limit  Value  (400  ppm/15  min).   Since  CO  is  the 
major  health  hazard  impurity  in  automobile  exhaust,  limits 
will  be  set  for  this  contaminant. 
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TABLE  14  -  MEASURED  TUNNEL  CONTAMINANTS 


Contaminant 

CO 

N02 

Aldehydes** ! ' 

SO2 

Tota 

Poly 


1  pa 
cycl 
Pyre 
Benz 
Coro 
Benz 
Metals 
Lead 
Iron 
Zinc 
Cadm 


rticul ates 

ic  hydrocarbons 

ne 

o(a  )pyrene 

nene 

perylene 


i  urn 


Range 

54-170  ppm 
0.05-0.43  ppm 
0.2-1 .63  ppm 
0.05-0.12  ppm 
0.04-<0.05  ppm 
0.424-2.350  mg/m 

0.04-1.20  yg/m3 

0.03-0.69  yg/m3 

0.03-0.53  yg/m3 

0.09-0.99  yq/m3 

9.5-44.5  ug/m3 
9.5-23.4  yg/m3 
2.2  yg/m3 
0.04-0.6  yg/m3 


(1)   It  has  been  estimated  that  formaldehyde  accounts  for 
70-80%  of  the  total  aldehyde  emissions. 
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The  other  impurity  in  tunnels  which  has  been  ob- 
served to  exceed  the  irritation  or  odor  threshold  limit  is 
formaldehyde.   The  irritation  threshold  for  HCHO  has  been 
reported  to  be  as  low  as  0.05  ppm  while  levels  of  0.12  ppm 
have  been  reported  in  tunnels.   Authorities  on  odor  have 
frequently  attributed  the  objectionable  odor  of  auto  exhaust 
to  the  aldehyde  content.   Therefore,  limits  have  been  se- 
lected for  formaldehyde  which  is  the  major  aldehyde  emitted 
from  auto  exhaust. 


Other  impurities  present  in  tunnel  atmospheres  in- 
clude, as  two  general  categories,  partially  burned  hydrocarbons 
and  metals.   Benzo(a )pyrene  has  been  of  particular  concern  to 
the  environmental  health  personnel  because  of  its  carcinogenic 
properties.   However,  the  maximum  value  measured  has  been  only 
0.5%  of  the  TLV.   All  metals  which  have  been  detected  are  well 
below  the  TLV.   Lead  is  the  metal  that  has  been  measured  in 
highest  concentrations  and  it  is  only  20%  of  the  TLV.   With 
the  advent  of  unleaded  gasolines,  the  concentration  will  un- 
doubtedly decrease. 
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This  covers  all  of  the  contaminants  which  have  been 
detected  in  vehicular  tunnels  except  for  S0«.   A  cursory  com- 
parison of  the  concentration  level  versus  tne  odor  level  would 
suggest  that  limits  should  be  set  for  SO?.   However,  the  work 
which  provided  these  values  showed  that  the  S0«  level  was 
present  in  the  intake  air  rather  than  as  a  result  of  auto- 
motive exhaust.   Therefore,  no  limits  will  be  set  for  SO2. 

Selected  Contaminant  Levels  for  Vehicular  Tunnels 

In  manned  tunnels,  police  officers  are  located  at 
three  or  four  locations  in  the  tunnel.   These  officers  spend 
two  hours  in  the  tunnel  and  two  hours  out  of  the  tunnel  ,  so 
that  during  an  8  hr  work  day,  they  are  exposed  to  the  tunnel 
atmosphere  for  a  total  period  of  four  hours.   Personal  in- 
terviews with  these  employees  revealed  that  they  frequently 
experience  headache,  tiredness  and  eye  irritation.   Personal 
observation  of  these  officers  as  they  came  off  duty  during 
or  immediately  following  rush  hour  traffic  indicated  that 
they  did  indeed  have  eye  irritation. 
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intenance  personnel  represent  another  work  group 
osed  to  tunnel  atmospheres.  Routine  maintenance 
acement  of  lights,  repair  or  replacement  of  tile 
of  the  tunnel  walls  is  scheduled  during  off-peak 

dual  tube  tunnels  such  as  the  Pennsylvania 
nels,  Baltimore  Harbor  Tunnel  and  others,  two 
is  shunted  through  one  tube  during  the  late 
early  morning  hours  while  the  other  tube  is 

or  repaired.   Emergency  maintenance  within 
s  not  frequently  required  and  in  general  requires 
ance  personnel  be  present  in  the  tunnel  for  only 


Three  of  the  studies  were  directly  pertinent  to 
setting  of  limits  for  manned  tunnels  in  that  the  studies  in- 
volved clinical  examination  of  personnel  who  had  spent  greater 
than  10  years  working  in  tunnels.   One  of  the  reports  stated: 

"No  mortality  or  morbidity  from  primary  lung 
cancer  was  found  among  a  group  of  97  retired 
tunnel  police  officers  who  had  worked  within 
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The  second  article  stated: 
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A  third  stated  that: 

"Examination  of  a  group  of  156  Holland  Tunnel 
traffic  officers  exposed  throughout  a  period 
of  13  years  to  an  occupational  carbon  monoxide 
exposure  averaging  70  ppm  did  not  reveal  any 
evidence  of  injury  to  health  contri butable  to 
carbon  monoxide  exposure. "(36) 

On  the  basis  of  the  work  by  Speizer,  one  may  conclude  that 
some  adverse  effects  on  the  respiratory  system  are  imposed 
by  exposure  to  tunnel  impurities. 

In  spite  of  the  large  volume  of  information  avail- 
able on  physiological  effects  of  air  contaminants  on  the 
human  being,  it  is  still  extremely  difficult  to  select  firm 
standards  for  employees  in  manned  tunnels  due  to  the  con- 
flicting data  which  are  presented.   However,  this  dilemma 
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has  apparently  been  solved  by  the  Occupational  Safety  and 
Health  Act  of  1970,  Public  Law  91-596.(37)   This  Act  sets 
standards  "to  assure  safe  and  healthful  working  conditions 
for  working  men  and  women".   As  part  of  this  Act,  concen- 
trations are  set  for  air  contaminants  including  CO,  NO, 
NO2,  HCHO  and  particulates  (oil  mist).   These  values  are: 


Contaminant 


CO 
NO 
N02 
HCHO 
Particul ates 


(oil  mist) 


Al lowable 
Concentrati  on 


Time  Weighted 
Avg.  Limi  ts(38) 


50    ppm 

75.0   ppm 

25   ppm 

37.5   ppm 

5    ppm 

10.0   ppm 

3    ppm 

6.0   ppm   _ 
10.0  mg/rrr 

5   mg/m3 

Although  the  Act  does  not  make  allowances  for  less  than  8  hr 
exposure  periods,  the  TLV  levels  do  provide  for  a  time  weighted 
average.   By  definition,  time  weighted  averages  permit  ex- 
cursions above  the  TLV  provided  they  are  compensated  by  equiv- 
alent excursions  below  the  limit  during  the  work  day.   In  some 
instances  it  may  be  permissible  to  calculate  the  average 
weekly  concentration  for  a  workweek  rather  than  a  workday. 
The  degree  of  permissible  excursion  is  related  to  the  magnitude 
of  the  TLV  of  a  particular  substance  as  shown  below: 


TLV  (ppm) 


Permi  ssi  bl e 
Excursion  Factor 


0-1 

3 

1-10 

2 

10-100 

1.5 

100-1000 

1.25 

It  is  therefore  recommended  that  these  time  weighted  average 
limits  be  adopted  as  standards  for  manned  tunnels  since  tunnel 
personnel  are  not  exposed  for  a  full  8  hr  workday. 

Most  tunnels  are  designed  to  maintain  CO  levels  at 
less  than  100  ppm  and  in  general,  a  warning  light  is  activated 
in  the  fan  control  room  when  the  level  goes  above  250  ppm. 
During  rush  hour  traffic,  CO  levels  in  the  range  of  350  ppm 
are  not  unusual  in  some  tunnels.   It  is  obvious  that  these 
levels  significantly  exceed  the  above  recommended  values  for 
manned  tunnels.   In  such  cases,  the  workers  are  exposed  to 
levels  exceeding  the  Occupational  Safety  and  Health  Act  of 
1970  and  some  remedial  action  must  be  taken  to  bring  these 
tunnels  within  the  limits  as  set  forth  by  the  Act. 
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The  Act  does  allow  these  limits  to  be  exceeded  "in 
cases  where  protective  equipment  or  protective  equipment  in 
addition  to  other  measures"  are  provided.   Alternatives  to 
maintaining  levels  at  less  than  the  specified  limit  should 
be  considered  since  with  appropriate  fan  operation  these 
levels  can  be  maintained  in  most  tunnels  for  18-20  hrs  of  a 
24  hr  day.   Some  tunnel  authorities  have  already  considered 
alternatives : 

1.   Baltimore  Harbor  Tunnel  Authority  con- 
sidered the  use  of  closed  circuit  tele- 
vision surveillance  as  an  alternative  to 
having  personnel  in  the  tunnel.   In  the 
event  of  an  accident  or  breakdown  as  in- 
dicated by  the  closed  circuit  television 
system,  maintenance  men,  firemen  or  police 
officers  would  immediately  enter  the  tunnel 
to  rectify  the  problem.   However,  the 
authority  ultimately  rejected  the  idea 
with  the  reasoning  being  that  men  stationed 
in  the  tunnel  could  react  more  rapidly 
to  potentially  hazardous  situations  such 
as  accidents,  fires  and  so  on. 
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These  two  aforementioned  measures  involve  removing  the  offi- 
cers from  the  tunnel,  and  it  must  be  admitted  that  this  does 
increase  the  reaction  time  to  an  incident  in  the  tunnel. 


elude: 


Other  measures  which  would  be  feasible  would  in- 


1.   A  direct  air  supply  to  the  officers' 
cubicle  to  provide  clean,  outside  air 
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was  tried  in  at  least  one  tunnel,  but  the 
inlet  vents  were  plugged  up  by  the  offi- 
cers during  the  winter  due  to  the  chill 
factor  of  the  cold  air  blowing  in. 


2. 


puri  ty 
Health 
that  th 
Conf ere 
used, 
ceeded 
peak  ho 
adopted 
tunnels 
traffic 
puri  fie 
tection 


In 
limit 
and  S 
e  tim 
nee  o 
It  is 
durin 
urs  i 
,  the 
with 
cont 
a  t  i  o  n 


summ 
s  i  n 
afety 
e-wei 
f  Gov 

reco 
g  rus 
n  som 
n  rem 
in  al 
rol  , 

of  t 


ary, 
manne 

Act 
ghted 
ernme 
g  n  i  z  e 
h  hou 
e  tun 
edi  al 
lowab 
chang 
unnel 


the  re 
d  tunn 
of  197 

limit 
ntal  a 
d  that 
rs  in 
nel  s. 

actio 
1  e  1  i  m 
es  in 

air  o 


commen 
el  s  co 
0  with 
s  esta 
nd  Ind 

these 
all  tu 

If  th 
n  must 
its. 
tunnel 
r  indi 


dati  on 
nf  orm 

the  a 
b  1  i  s  h  e 
u  s  t  r  i  a 

limit 
nnel  s 
ese  re 

be  ta 
These 

venti 
v  i  d  u  a  1 


i  s  ma 
to  the 
ddi tio 
d  by  t 
1  Hygi 
s  are 
and  ev 
commen 
ken  to 
action 
lation 

respi 


de  tha 
Occup 
nal  pr 
he  Ame 
e  n  i  s  t  s 
curren 
en  dur 
dati  on 
bri  ng 
s  may 

proce 
ratory 


t  lm- 
a  t  i  o  n  a  1 
o  v  i  s  i  o  n 
r  i  c  a  n 

be 
tly  ex- 
i  n  g  n  o  n 
s  are 

the 
i  nclude 
dures , 

pro- 


min/day) 
n  i  f  i  c  a  n  t 
police  o 
premise 
should  b 
safety  1 
be  h i  g h e 
of  expos 
shorter, 
separate 


Unmanned  Tunnels 


of  the  t 
ly  less  t 
fficers  i 
is  made  t 
e  set  to 
evel  must 
r  than  th 
ure  to  th 

Safety 
ly  in  the 


The  pollutants  which  are  considered  in  unmanned 
tunnels  are  the  same  as  those  considered  in  manned  tunnels, 
i.e.,  CO,  NO,  N02?  HCHO  and  particulates.   Since  the  resi- 
dence time  of  an  individual  in  a  tunnel  is  relatively  short 
(5-15  min),  then  safe  levels  for  most  of  the  contaminants 
can  be  increased  over  those  limits  set  for  manned  tunnels. 
It  must  be  remembered  that  if  one  contaminant  is  allowed  to 
increase,  then  all  other  contaminants  increase  proportionately 
according  to  their  relative  concentrations  in  auto  exhaust. 
However,  if  internal  purification  which  is  being  studied  as 
part  of  this  program  proves  to  be  feasible,  removal  of 
selected  contaminants  would  be  possible. 
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Prior  to  setting  safe  limits  for  unmanned  tunnels, 
"safe  limits"  must  be  defined.   The  definition  used  in  this 
case  refers  to  levels  at  which  short  term  exposure  will  not 
create  any  physiological  effects  on  the  individual.   One  of 
the  problems  in  setting  short  term  safe  limits  is  that 
limited  work  has  been  done  in  this  field,  and  no  systematic 
rationale  has  been  developed  for  relating  Threshold  Limit 
Values,  which  are  set  for  long  term  exposures,  to  short  term 
exposures.   The  American  Industrial  Hygiene  Association,  The 
Pennsylvania  Department  of  Health  and  the  Aero  Medical 
Association  have  attempted  to  set  tentative  standards  and 
at  this  time  this  is  the  only  established  information  which 
can  be  reliably  quoted. 

Table  15  lists  Threshold  Limit  Values  and  Short 
Term  Limits  (AIHF)  which  have  been  set  for  the  selected 
tunnel  pollutants.   It  is  obvious  from  Table  15  that  the 
number  of  Short  Term  Limits  which  have  been  set  are  signifi- 
cantly fewer  than  the  number  which  have  not  been  set.   How- 
ever, the  tunnel  engineer  needs  values  to  design  to  and 
other  data  exist  which  can  be  used  to  set  tentative  limits. 


TABLE  15  -  TLV  AND  STL  FOR  SELECTED  POLLUTANTS 


STL 

(ppm) 

Polluta 

nt 

TLV 

5 

mm 

10  min 

1  5  mi  n 

30  min 

CO 

50  ppm 

_  _ 

1500 

1000 

800 

NO 

25  ppm 

— 

-- 

-- 

N02 
HCHO 

5  ppm 

35 

25 

20 

2  ppm  3 

5  mg/m 

5 

-- 

-- 

Particulates 

-- 

-- 

-- 

-- 

The  assumption  is  made  that  during  rush  hour  traffic 
with  a  stop  and  go  situation,  the  time  to  traverse  a  tunnel 
could  be  of  the  order  of  15  min.   The  standard  curves  for 
effects  of  various  carbon  monoxide  exposures  as  a  function 
of  time  shows  that  at  500  ppm  no  perceptible  effects  occur 
within  15  min.   Nitric  oxide  (NO)  is  a  simple  asphyxiant  and 
therefore  levels  significantly  higher  than  the  TLV  should  be 
tolerable.   However,  in  the  absence  of  any  firm  values  to 
support  this  conclusion,  it  is  .recommended  that  the  STL  for 
NO  be  set  at  37.5  ppm.   The  STL  for  N02  (15  min)  has  been 
tentatively  set  at  5  ppm.   This  could  cause  temporary  eye 
and  nasal  irritation  but  no  permanent  physiological  damage. 
Short  Term  Limits  for  formaldehyde  has  been  set  at  5  ppm  for 
5  min.   The  literature  states  that  levels  above  5  ppm  are 
severely  irritating  and  therefore  a  5  ppm  STL  is  recommended 
for  15  min.  exposures.   Particulates  are  the  only  non-gaseous 
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impurities  which  are  being  considered  for  STL  values.   We  do 
not  recommend  a  level  higher  than  the  TLV  for  particulates, 
i.e.,  10  mg/m^. 

In  summary,  it  is  difficult  to  set  Short  Term 
Limits  for  tunnel  pollutants  due  to  the  lack  of  specific 
data  on  short  term  effects.   However,  using  the  data  which 
are  available  along  with  what  is  believed  to  be  reasonable 
extrapolations  of  related  data,  the  limits  which  have  been 
selected  are  as  follows: 


CO 

NO 

NO2 

HCHO 

Particulates  - 


500  ppm 
37.5  ppm 
5  ppm 
5  ppm 
5  mg/m*3 


Comfort  level,  as  used  in  this  case,  is  defined 
as  that  level  of  contaminant  which  produces  no  irritation, 
sense  of  unpleasant  odor  or  physiological  effect  such  as 
minor  headache.   The  "comfort  level"  varies  from  person  to 
person  depending  upon  his  sensitivity  to  a  given  contaminant. 
Individuals  with  certain  allergies  may  be  particularly 
sensitive  to  specific  contaminants.    Some  individuals  are 
more  sensitive  to  odors  than  are  others.   These  are  normal 
differences  that  exist  among  the  human  population,  so  in 
general,  odor  threshold  levels  or  irritation  levels  have 
been  selected  on  the  basis  of  the  sensitivity  experienced  by 
the  major  portion  of  the  public. 

Carbon  monoxide  is  colorless  and  odorless  and  there- 
fore creates  no  sensation  odor  or  eye  or  nasal  irritation. 
Significant  levels  of  carbon  monoxide  over  certain  periods  of 
time  can  cause  headache.   However,  assuming  a  maximum  again 
of  15  minutes  residence  time  in  a  tunnel,  a  level  of  1000  ppm 
is  certainly  well  within  the  tolerable  range.   Nitric  oxide 
(NO)  is  also  a  colorless  gas  with  a  slightly  sweetish  taste 
or  odor  at  high  concentrations.   No  data  were  found  on  either 
the  odor  threshold  limit  or  the  irritation  threshold  limit, 
hence  for  the  present  time  the  TLV  of  25  ppm  will  be  used  as 
the  comfort  limit  for  NO. 

NO?  exhibits  an  undesirable  odor  and  is  a  strong 
irritant.   Trie  odor  threshold  limit  has  been  reported  to  be 
1-3  ppm  and  the  odor  is  characteristic  and  distinct  at  5  ppm. 
The  recommended  comfort  limit  for  tunnels  should  be  1-3  ppm. 
Formaldehyde  is  also  an  odorous  and  irritating  compound. 
Most  references  quote  an  odor  threshold  limit  of  ^1  ppm, 
although  this  seems  to  vary  greatly  among  individuals.   Eye 
and  nasal  irritations  have  been  reported  at  levels  of  2-3 
ppm  HCHO.   For  a  comfort  level  in  tunnels,  we  recommend  a 
level  of  1  ppm. 
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Particulates  in  tunnels  can  be  odorous  due  to  their 
own  chemical  composition  or  from  odorous  gases  absorbed  on 
the  particulate  surface.   Particulates  can  also  have  an  irri- 
tation effect  particularly  through  deposition  in  the  eyes. 
However,  the  most  significant  effect  on  comfort  is  probably 
due  to  the  haze  effect  of  particulates.   Mo  data  was  found 
on  the  correlation  of  particulate  concentration  versus  visi- 
bility in  tunnels.   Spot  checks  made  by  MSAR  personnel  at 
the  Baltimore  Harbor  Tunnel  and  the  Fort  Pitt  Tunnel  showed 
particulate  concentrations  of  approximately  0.6  mg/m3  with 
the  particle  size  ranging  from  <1  micron  to  about  5  microns. 
At  this  concentration  level  (0.6  mg/m3),  the  "haze  level" 
was  low  and  the  visibility  was  quite  good.   However,  we 
hesitate  to  select  this  concentration  as  a  firm  value  for 
tunnel  comfort.   In  the  absence  of  sufficient  data,  we  have 
decided  that  a  satisfactory  level  cannot  be  chosen  at  this 
time. 

Summary  of  Recommended  Levels 

Tentative  pollutant  concentration  levels  have  been 
chosen  for  manned  tunnels  and  for  unmanned  tunnels.   In  the 
latter  case,  both  safe  and  comfortable  levels  have  been 
chosen.   These  levels  are  summarized  in  Table  16. 

TABLE  16  -  TENTATIVE  POLLUTION  LEVELS  FOR  TUNNELS 


Pol  1 utant 

CO 

NO 
N0? 

hcro 

Parti  cul ates 
(1)   N.R. 


Manned 
Tunnel s 


75 
37 
10 
6 
10 


ppm 
5  ppm 
PPm 
PPm 
mg/mJ 


Unmanned  Tunnels 
Safety  Level    Comfort  Level 


500  ppm 

1000 

ppm 

37.5  ppm 

25 

ppm 

5  ppm 

1 

ppm 

6  ppm 
10  mg/mJ 

1 

N.R. 

W 

No  recommendation  due 
i  n format  ion. 


to  insufficient 


The  levels  which  have  been  set  for  manned  tunnels  were  dic- 
tated by  the  Occupational  Safety  and  Health  Act  of  1970;  there 
would  seem  to  be  little  reason  to  question  these  values  since 
they  are  required  standards  set  by  the  Federal  Government. 
The  safety  and  comfort  levels  which  were  chosen  are,  of  course, 
subject  to  some  question  since  little  data  exists  on  short 
term  exposure  limits. 
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EVALUATION  OF  POLLUTANT  REMOVAL  METHODS 


There  are  two  potential  reasons  for  development  of 
methods  and  systems  for  purification  of  tunnel  atmospheres. 
One  of  these  reasons  is  to  purify  the  atmosphere  within  the 
tunnel  itself,  while  the  other  reason  is  to  improve  the  quality 
of  the  exhaust  air  from  the  tunnel.   In  relation. to  purity 
of  the  air  within   the  tunnels,  one  reference*39'  which  was 
found  involves  recycle  of  tunnel  air.   This  system  catalyti- 
cally  oxidized  CO  to  CO2  with  Hopcalite  followed  by  condensation 
of  CO2  and  water  at  liquid  nitrogen-liquid  oxygen  temperatures 
(Figure  28).   The  boil-off  of  the  liquid  air  during  cooling 
provided  fresh  air  for  the  tunnel.   No  claim  was  made  for  re- 
moval of  hydrocarbons ,  particulates  and  so  on.   One  other 
reference  was  found  on  recycle  of  tunnel  air. (4°)  This  system 
incorporated  wet  scrubbing  for  particulate  removal,  catalytic 
oxidation  for  CO  removal,  a  deacidi f ication  unit  to  remove 
CO2  and  a  condenser.   This  article  claimed  that  Neutrotecni cia 
Italiana  S.R.L.,  Milan  manufactured  these  units  commercially. 
MSA  Italiana  is  located  in  Milan  and  one  of  the  MSA  repre- 
sentatives in  the  Milan  office  was  requested  to  procure  in- 
formation from  the  referenced  company.   The  MSA  representative 
reported  that  the  company  stopped  its  activity  in  November 
1968. 

Patent  Development  Associates,  under  subcontract  to 
MSAR,  reviewed  the  state-of-the-art  of  applicable  control 
technology.   PDA  also  made  an  economic  evaluation  of  selected 
control  measures  which  might  be  adaptable  to  purification  of 
tunnel  atmospheres.   The  result  of  this  study  is  presented  as 
part  of  this  section.   It  should  be  noted  that  the  PDA  study 
was  made  mid-way  through  the  overall  program  and  therefore 
some  of  the  emission  standards  or  criteria  which  are  quoted 
may  have  changed  since  that  time.   It  must  also  be  kept  in 
mind  that  the  economic  evaluations  which  are  presented  are 
for  hypothetical  cases  and  do  not  necessarily  apply  to  any 
specific  existing  or  planned  tunnel;  these  economic  evalu- 
ations are  presented  merely  to  show  the  relative  cost  of 
tunnel  air  purification  or  recycle  versus  direct  ventilation. 

As  a  result  of  the  survey,  certain  control  tech- 
niques were  selected  for  evaluation.   The  test  system  and  the 
control  techniques  which  have  been  tested  are  also  presented 
in  this  section. 

State  of  the  Art  -  Applicable  Control  Technology 

Historically,  emission  control  technology  was  devel- 
oped as  a  set  of  empirical  solutions  to  specific  industrial 
problems  in  diverse  industries  and  areas.   The  acceleration  of 
technical  and  industrial  interest  in  pollution  control  per  se 
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FIGURE  28  -  SCHEMATIC  DIAGRAM. PROPOSED  BY 
SIR  BRUCE  WHITE(39) 


82 


in  the  last  two  decades  has  forced  continuing  collection  and 
critical  examination  of  the  technology  available  for  accom- 
plishing such  control,  and  several  comprehensive  reviews  have 
recently  appeared. 

The  Air  Pollution  Engineering  Manualj   ./1s  an  ex- 
tensive compilation  by  the  Air  Pollution  Control  district  of 
the  County  of  Los  Angeles  of  control  problem  hardware  solu- 
tions and  design  approaches  by  type  of  industrial  emission 
and  industry.   This  reference  includes  in-depth  review  of 
the  supporting  theory  for  the  design  and  selection  of  control 
method  and  equipment  for  particulate  removal  (inertial  separ- 
ators, baghouses,  electrical  precipitators)  and  gaseous 
pollutants  (thermal  and  catalytic  incineration,  adsorption, 
condensation,  scrubbing). 
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Applicable  Tunnel  Pollution  Control  Technology 
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to  be  potentially  significant: 
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Table  17  presents  a  summary  of  the  comparative 
process  capabilities  for  the  probably-applicable  control 
technology  as  they  apply  to  the  tunnel  pollution  problem. 
An  inspection  of  Table  17  shows  that  \/ery   few  of  the  stand- 
ard control  operations  appear  to  have  unqualified  applica- 
bility to  the  tunnel'  pollutants  within  the  general  constraints 
of  the  problem.   The  two  operations  that  appear  to  be  tech- 
nically applicable  without  apparent  limitations  or  additional 
research  are  electrostatic  precipitation  for  the  particulates, 
and  adsorption  for  the  hydrocarbons. 

The  state  of  the  art  of  available  control  technology 
will  be  reviewed  below  with  respect  to  the  principal  classes 
of  pollutants,  and  the  processes  that  would  normally  be  used 
for  removal  of  each  pollutant.   Because  of  the  mul ti -function- 
ality of  several  of  the  operations  considered,  process  dis- 
cussion emphasis  will  be  placed  on  the  primary  pollutant 
applicability  as  shown  in  Table  17. 

Carbon  Monoxide  and  Hydrocarbons 

In  terms  of  the  relative  magnitude  of  pollutant 
loadings,  CO  and  unburned  (including  partially-oxidized) 
hydrocarbons  are  the  major  constituents  in  auto  exhausts,  as 
shown  in  Table  18,  taken  from  Stern'42).   In  addition  to  the 
emissions  shown  as  contributed  by  blow-by  and  exhaust,  the 
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evaporative  losses  from  the  fuel  tank  and  carburetor  add 
another  20  to  40  percent  to  the  hydrocarbon  content  of  the 
total  emission.   Nevertheless,  Table  18  indicates  the  various 
pollutant  contributions,  exclusive  of  the  particulates,  and 
CO  and  hydrocarbons  are  the  most  significant.   These  two 
pollutant  components  are  usually  grouped  together  by  reason 
of  the  fact  that  they  are  present  because  of  incomplete 
oxidation,  and  completion  of  oxidation  by  secondary  means 
will  eliminate  them  from  the  exhaust.   It  should  be  pointed 
out,  however,  that  for  non-oxidati ve  techniques  such  as 
adsorption,  these  two  components  will  not  behave  similarly. 

The  two  general  methods  of  oxidative  disposal  of 
carbon  monoxide  and  hydrocarbons  are. 

(a)  Catalytic  oxidation 

(b)  Direct  thermal  or  flame  incineration 

These  two  methods  of  combustion  completion  have 
been  used  as  source  control  techniques  for  automotive 
emissions,  and  sufficient  experience  has  been  obtained  on 
their  use  to  provide  a  guide  to  their  possible  use  on  tunnel 
air. 
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ments  are  required. to  meet  the  di sadvantages  shown  in  the 
1964  test  campaign: 


a.  Short  life-time  of  6,000  to  12,000  miles 

b.  Susceptibility  to  lead  and  particulate 
poisoning  (a  contributing  factor  to  the 
short  life). 

c.  Susceptibility  to  inactivation  by  temper- 
atures in  excess  of  1700°F,  a  level 
occasionally  reached  in  the  exhaust. 

d.  Relatively  high  initial  cost  of  $75  to 
$100,  with  frequent  maintenance  and 
replacement  costs. 
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seriously  questioned.   Should  low-temperature  oxidation  of 
the  major  pollutant,  CO,  prove  feasible,  then  a  secondary 
operation,  such  as  adsorption,  will  be  required  for  removal 
of  the  hydrocarbon  content.   Such  dual  processing  is  certain 
to  be  costly,  even  if  probably  feasible. 
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Information  privately  available  to  PDA  on  catalytic 
oxidation  uses  indicates  that  CAB  is  highly  effective  for 
situations  where  the  material  to  be  oxidized  is  either  a 
single  component  or  an  homologous  group  of  compounds.   Fur- 
ther, for  an  efficient  design,  the  concentrations  and  ex- 
haust conditions  must  be  known  in  detail.   For  most  applica- 
tions involving  a  wide  range  of  combustible  materials  at 
variable  concentrations,  CAB  will  not  yield  adequate  effic- 
iency levels. 

Thermal  Afterburning 

All  of  the  development  work  on  thermal  afterburning 
of  the  residual  CO  and  hydrocarbons  in  vehicle  exhaust  has 
been  done  as  source  control  work. 

Early  efforts  to  complete  the  combustion  of  the 
unburned  hydrocarbons  and  CO  leaving  the  cylinders  involved 
both  air  injection  into  the  exhaust  manifold  and  direct 
flame  afterburners (42) .   Air  injection  and/or  engine  design 
changes  appear  to  be  sufficient  to  meet  the  1970  federal 
standards  for  CO  and  hydrocarbon  emissions,  but  for  the  pro- 
jected lower  emission  levels,  more  advanced  systems  are 
required.   One  such  system  under  active  development  is  the 
exhaust  manifold  thermal  reactor,  a  unit  which  has  been  ex- 
tensively developed  by  DuPont (66) (67) .   Exhaust  reactors 
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are  suitable  for  use  with  leaded  gasolines,  and  their  use 
would  permit  continuation  of  present  gasoline  formulations. 
The  exhaust  manifold  reactors  mount  on  the  engine  in  place 
of  the  conventional  exhaust  manifolds.   Air  is  injected 
into  the  exhaust  ports,  using  the  air  injection  system  now 
standard  on  most  production  autos.   The  reactor  consists 
essentially  of  an  initial  mixing  chamber,  followed  by 
baffled  passageways  to  provide  adequate  retention  time  at 
high  temperature.   The  DuPont  units  use  concentric  annular 
baffles  surrounding  the  central  mixing  tube.   Development 
efforts  have  been  directed  at  finding  suitable  low-cost 
materials  that  will  endure  the  1700°F  reaction  temperatures 
and  also  have  adequate  erosion  resistance  to  the  high- 
velocity  lead  compounds  impinging  with  the  exhaust. 


In  an  initial  100,000  mile  test,  an  early 
Type  I  reactor^6)  held  average  emissions  to  27  ppm 
carbons  and  0.65%  CO,  but  suffered  from  baffle. 
An  improved  later  version,  Type  V,  was  claimed'- 
emission  levels  of  0.2  g/mile  HC  and  4.5  g/mile 
well  below  the  1974  California  standards. 
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Thermal  incineration  of  small  quantities  of  com- 
bustibles in  air  requires  temperatures  of  the  order  of 
1100o-1500°F.   Because  of  the  virtually  trace  quantities 
of  oxidizable  material,  none  of  the  heat  requirements  can 
be  internally  derived,  and  must  therefore  be  completely 
supplied  externally.   Even  where  a  fraction  of  the  thermal 
energy  was  internally  derived,  the  economic  penalty  attached 
to  the  higher  temperatures  of  direct  incineration  was  cal- 
culated by  Heinle)  to  be  from  150  to  600%  of  the  cost  of 
an  equivalent  catalytic  oxidation  temperatures  of  500°  to 
800°F  lower  than  for  thermal  incineration.   The  external 
fuel  and  cooling  costs  for  thermal  cycles  of  the  order  of 
magnitude  required  for  direct  incineration  of  the  CO  and 
HC  in  the  bulk  tunnel  air  thus  appears  to  be  insupportable. 
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elective  removal  of  hydrocarbons  from  a  gas 
be  effected  by  the  process  of  physical  adsorption, 
tivated  carbon  is  the  usual  sorbent  employed  for 
hase  adsorption  of  organic  molecules,  other  high- 
a  media,  such  as  synthetic  zeolites,  silica  gel 
,  have  been  used  for  selective  removal  of  or- 
norganic, contaminants.   The  synthetic  zeolites 
ave  better  sorption  efficiencies  than  the  car- 
t  they  do  not  have  as  great  an  equilibrium- 
acity.   They  are  therefore  occasionally  used  as 
leanup  bed  in  a  two-adsorbent  system  to  remove 
aces  of  pollutant. 
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dsorption  over  activated  crbon  is 

process  where  the  rate  of  dsorption 
displacement  from  equilibrium  (driving 
m  driving  force  is  favored  by  low 
ressure,  and  in  many  cases,  by 

sizes.   Because  activated  carbon 
of  $0.75/lb,  adsorption  beds  are 
th  steam  or  hot  inert  gas  to  per- 
dsorption  is  an  exothermic  operation 
ed  in  regeneration  to  overcome  the 
Steam  is  a  convenient  source  of 
use  of  its  low  (ambient)  vapor  pressure 
is  the  regenerant  of  choice.   However, 
range  of  saturated  steam  is  not 
mpletely  strip  an  adsorbed  phase 
eam-regenerated  carbon  cannot  normally 
w  concentrations  of  organic  pollutants. 

states  that  3.5  lbs  of  steam/lb  of 
uired  when  the  vapor-containing  air 
s  0.2%,  while  over  30  lb  of  steam/lb 
red  when  the  pollutant  concentration 

ppm. 


Adsorption  techniques  have  been  applied  to  the 
control  of  evaporative  emissions  from  automobile  fuel  tanks 
and  carburetors.   Vapor-capture  systems,  employing  activated 
carbon  canisters  or  foamed  polyurethane,  serve  as  storage 
systems  for  the  vapors  released  during  engine  shutdown.   The 
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stored  vapors  are  purged  from  the  sorbent  on  engine  startup 
into  the  intake  system  of  the  engine^'5),   j^e  main  problem 
with  such  adsorption/desorption  systems  had  been  the  up- 
setting of  carburetion  by  over-enrichment  of  the  engine  feed 
on  startup,  but  automatic  valve  control  appears  to  have 
solved  this  particular  problem.   The  technical  feasibility" 
of  such  evaporative  control  systems  has  been  demonstrated v42 ) 
and  it  is  expected  that  they  will  be  incorporated  in  1972 
producti  on  model s. 
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would  be  no  point -to  sorbing  organic  pollutants  prior  to 
an  elution  and  burning  sequence. 
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The  primary  function  of  any  piece  of  absorption 
equipment  is  to  provide  a  large  active  area  of  contact 
between  the  gas  and  liquid  phases.   This  is  accomplished 
by  dispersing  the  liquid  phase  over  a  geometric  packing 
material  or  as  droplets  by  spraying. 
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Spray  chambers  or  towers  may  be  used  for  gas 
absorption  in  cases  where  only  a  few  transfer  units  are 
required,  i.e.,  for  soluble  gas  components.   These  units 
have  the  advantages  of  very  low  gas-phase  pressure  drop 
and  inexpensive  construction,  but  do  not  offer  counter- 
current  contact.   Four  types  of  spray  systems  are  used 
commercially:  (a)  simple  spray  columns,  (b)  cyclonic  spray 
towers,  (c)  venturi  scrubbers,  and  (d)  jet  scrubbers.   The 
spray  chamber  is  a  contacting  device  that  is  frequently 
used  in  situations  where  a  contaminated  gas  stream  contains 
both  particulates  and  a  highly  soluble  gas  component. 
Particle  collection  in  spray  towers  is  discussed  below,  but 
the  mass  transfer  characteristics  of  this  equipment  is 
pertinent  to  the  removal  of  the  oxygenated,  partially- 
oxidized,  hydrocarbons  in  the  exhaust.   These  include  such 
components  as  acrolein  and  formaldehyde,  which  are  object- 
ionable from  the  point  of  view  of  odor  and  irritation 
effects. 
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techniques  would  require  the  use  of  a  downstream  condensing 
system  to  remove  solvent  vapors.   If  the  absorber  is  operated 
at  ambient  temperatures,  then  the  downstream  solvent-removal 
condenser  must  be  operated  at  low,  or  refrigerant,  tempera- 
tures in  order  to  remove  solvent.   This,  in  turn,  means  that 
the  bulk  tunnel  air  must  be  thermally  cycled  between  refrig- 
erant and  ambient  temperatures,  adding  a  thermal  cooling 
and  heating  cost  to  the  base  operation  of  the  absorption. 
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Nitrogen  Oxides 


Combustion  of  a  hydrocarbon  fuel  with  air  normally 
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to  form  nitric  oxide  (NO)  at  the  higher  temperatures.   Sub- 
sequent to  its  formation,  NO  is  oxidized  by  residual  or 
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TABLE  22 
SIMPLIFIED  REACTION  SCHEME  FOR  PHOTOCHEMICAL  SMOG 


N02         +    Light      — *~         NO  +0 

Nitrogen  Nitric  Atomic 

dioxide  oxide  oxygen 

0  +    °2        T    °3 

Molecular         Ozone 
oxygen 

03  +    NO         —    N02  +    02 

0  +    He        —    HcO 

Hydrocarbon       Radical 

HcO         +    02         _^    HcOj 

Radical 

Hc03        +    He        —    Aldehydes, 

ketones  ,etc. 

Hc03        +    NO         - — —    Hc0? 

Radical 

Hc03        +    02  m-        03  +    Hc02 

HcOx        +    N02        — —    Peroxyacyl 
Radical  nitrates 


This  reaction  scheme  is  intended  to  be  illustrative,  not 
definitive.   Research  is  still  in  progress  on  the  detailed 
chemistry  of  the  smog-forming  process. 
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A  recent  news  announcement KO/  3    disclosed  the 
development  of  a  new  "ni ckel -copper"  catalyst  claimed  to 
be  90%  effective  for  N0X  reduction  in  automotive  exhaust. 
It  was  also  indicated  that  the  new  catalyst  for 
would  be  part  of  a  dual -catalyst  system,  with  the 
catalyst  capable  of  oxidative  removal  of  CO  and  hydrocarbons 
However,  the  development  of  exhaust  catalytic  converters 
for  N0X  does  not  appear  to  have  progressed  to  the  same 
feasibility  point  as  the  exhaust  recycle  units. 
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It  is  anticipated   that  removal  of  nitrogen  oxides 
from  tunnel  air  by  any  conventional  technique,  including 
catalytic  reduction  may  be  the  most  difficult  objective  to 
achieve.   Thermodynami cal ly ,  the  decomposition  of  NO  into 
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An  extremely  comprehensive  and  detailed  body  of 
work  on  N02  adsorption  was  developed  in  connection  wi t b  the 
Wisconsin  process  for  the  production  of  nitric  add'93jt 
This  process  employed  shallow  fluidized  beds  of  silica  gel 
for  the  adsorption  of  N02,  and  this  process  was  demonstrated 
on  an  industrial  scale.   Silica  gel  contacting  was  also  used 
in  this  process  for  the  catalytic  oxidation  of  NO  to  N02. 
The  published  data  on  this  si  1 i ca-gel -based  oxi dati on-sorption 
operation  show  the  following  specific  points: 

a.  Sorber  design  was  based  on  operation  at 
10°F  at  a  gel:  N02  ratio  of  14.   Poor 
recovery  was  indicated  at  temperatures 
above  10°,  regardless  of  gel  flow. 

b.  Catalysis  of  NO  oxidation  to  N02  by 
silica  gel  required  a  gas  dewpoint  of 
-60°F. 

It  is  obvious  that  both  of  the  above  specifications 
are  outside  the  range  of  probable  tunnel  application  with 
respect  to  utilization  of  ambient  temperatures  and  in-tunnel 
dewpoints.   The  sorption  concept  is  nevertheless  of  con- 
tinuing interest;  Sundaresan(94)  reported  that  a  commercial 
zeolite  (molecular  sieve)  was  more  efficient  than  silica  gel 
for  removing  very  low  concentrations  of  N0X  from  a  nitric 
acid  plant  tail  gas.   N0X  selectivity  in  the  presence  of 
organic  contaminants  has  not  been  explored  for  zeolite  or 
carbon  adsorption,  and  laboratory  studies  of  such  selectivity 
at  the  low  levels  of  N0X  concentration  indicated  for  tunnel 
air  must  be  made  before  actual  application  can  be  seriously 
considered. 
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a.  Cost-benefit  calculations  on  a  complex 
magnesium  hydroxide  absorption  flow 
sheet  showed  absorption  to  have  the 
lowest  annual  costs  only  because  by- 
product credits  offset  the  high 
capital  charges  for  installation. 

b.  It  was  assumed  that  equimolar  con- 
centrations of  NO  and  N02  (N2O3) 
could  be  obtained  in  the  gas  in 
order  to  optimize  absorption. 

The  assumption  of  equimolar  NO  and  NO?  gas  con- 
finds  some  support  in  the  literature;  Radnakri shna'96) 
d  the  removal  of  N0X  with  dilute  sodium,  potassium 
lcium  hydroxide  solutions,  and  found  that  when  the 
was  in  excess,  equal  amounts  of  nitrate  and  nitrite 
ormed.   However,  this  may  be  a  liquid-phase  reaction, 
than  a  catalyzed  gas-phase  displacement.   In  any 
N0X  removal  from  tunnel  air  by  wet  scrubbing  means 
ntly  requires  intensive  development  effort  prior  to 
i 1 i ty  determination,  and  this  operation  does  not  appear 
susceptible  to  design  or  installation  at  present. 


Particulates 

The  government  has  estimated  that  current  vehicles 
emit  approximately  0.3  g/mile  of  particulate  matter(67). 
Although  particulate  matter  has  not  as  yet  been  clearly  de- 
fined, and  neither  measuring  techniques  nor  test  cycle  con- 
ditions have  been  specified,  a  standard  of  0.1  g/mile  has 
been  proposed  for  1975,  and  a  1980  level  of  0.03  g/mile. 
According  to  Stern(42),  automotive  exhaust  emissions  contain 
70%  by  count  of  extremely  fine  particles  in  the  size  range 
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of  0.02  to  0.06y.   However,  on  a  mass  distribution  basis, 
particles  less  than  1 .  0y  in  size  account  for  less  than  5% 
of  the  total  weight  of  the  particulate  matter  in  the  ex- 
haust. 

Exhaust  particulates  contain  both  inorganic  and 
organic  compounds  of  high  molecular  weight,  with  the  most 
significant  fraction  consisting  of  lead  compounds  deriving 
from  the  tetraethyl  lead  antiknock  compounds.   Approximately 
75%  of  the  lead  burned  in  the  engine  is  exhausted  to  the 
atmosphere,  with  the  total  amount  of  lead  particulates  dis- 
charged being  proportional  to  the  concentration  of  tetra- 
ethyl lead  in  the  gasoline.   It  is  worth  noting  that  the 
current  introduction  of  low-lead  and  non-leaded  gasolines 
at  the  fuel  pumps  will  directly  yield  significant  reduc- 
tions in  the  total  particulate  emission. 
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64,000  mile  test  as  against  a  normal  emission  rate  of  0.2  to 
0.3  g/mile.   In  a  26,000  mile  test  on  an  improved  version  of 
the  trap  system,  lead  salt  emissions  were  reduced  to  0.03  g/ 
mile.   Perhaps  even  more  significant  were  the  reductions  in 
the  BaP  emission  rates.   At  3,000  miles,  the  trap  system 
reduced  BaP  emissions  from  66  to  24  mi crograms/gallon  of 
fuel,  while  at  18,000  miles  traveled,  the  reduction  was 
from  228  to  6  micrograms/gallon.   Studies  are  continuing, 
but  the  last  test  data  showed  that  total  particulate  emission 
could  be  maintained  at  the  0.03  to  0.04  g/mile  level,  with  a 
lead  salt  content  running  from  50  to  75%  of  the  total  partic- 
ulates. 
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igh  particle  population  density, 
difficult  with  a  very  disperse 
clones,  therefore,  dust  collection 
ecreasing  dust  loadings (42) . 
nertial  separators  also  depends 
on,  particle  density  and  other 
inted  out  above,  information  on 
in  gasoline  and  diesel  engine  ex- 
does  not  yet  provide  the  basis 
lector  type.   Inasmuch  as  cyclones 
show  high  efficiencies  for  particles 
range,  such  data  are  of  extreme 
rther,  relatively  high  pressure 

efficiencies,  and  these  will  be 
of  magnitude  as  the  initial  tunnel 


Some  of  the  pressure  drop  characteristics  of  wet 
collectors,  as  well  as  the  gas  and  liquid  velocity  ranges 
were  given  in  Table  20.   Again  the  humidi f ication  problems 
existing  with  any  type  of  wet  contactor  mitigate  against  the 
use  of  an  internal  wet  scrubber,  but  such  units  may  have 
application  to  the  exhaust  air.   Most  of  the  wet  collectors 
listed  also  have  a  pressure  drop  range  that  would  necessitate 
a  doubling  of  the  fan  horsepower  for  most  existing  tunnels 
in  order  to  operate  the  scrubbing  equipment.   Notably,  the 
spray  chamber  is  the  sole  device  with  an  inherent  resistance 
less  than  1  inch.  W.G. 

Aqueous  spray  scrubbing  is  capable  of  a  high  degree 
of  particulate  removal  in  a  well-designed  unit.   Hangebrauclo9/ ) 
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that  spray  scrubbing  removed  98%  of  the  benzo- 
ssion  from  a  municipal  incinerator.   Similar 
trol  were  achieved  on  the  polynuclear  hydro- 
on  from  hot  asphalt  blowing  plants.   Because 
arcinogens  are  associated  with  the  particulate 
se  data  indicate  excellent  potential  for  tunnel 
ol  for  the  most  dangerous  health  hazards  in  the 
addition  to  the  organic  carcinogens,  wet 
capability  for  the  removal  of  most  oxygenated 
ch  are  usually  water-soluble,  and  a  portion  of 


of  the  few  industrial  control  units  which 
readily  applicable  to  the  tunnel  air  control 
e  electrostatic  precipitator.   In  mechanical 
uch  filters  (baghouses)  and  cyclones,  energy 
the  entire  gas  stream.   In  the  electrostatic 
the  energy  used  for  collection  is  applied 
articles.   The  collection  process  consists  of 
particulates  by  means  of  a  hioh-voltaqe  corona 

then  electrostatically  depositing  them  on  a 
ecting  electrode.   The  electric  power  required 
he  corona  ranae  from  50  to  500  watts/1000  CFM(J2) 
of  from  50,000  to  100,000  volts  are  required^98), 
e  highly  selective  energy  input  mechanism, 

through  the  electrostatic  precipitators  is 
m  0.1  to  0.5  inches  W.G.   However,  gas  flow 
nit  must  be  held  tc  low  velocities  (2  to  8  ft/ 
these  devices  are  usually  fairly  large. 
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An  excellent  review  of  both  design  and-  application 
of  electrostatic  precipitators  is  presented  in  the  Air  Pollu- 
tion Engineering  Manual (41)  while  Walker(99)$  nas  updated 
the  cost  and  efficiency  data  for  this  equipment.   A  simpler, 
and  potentially  cheaper  form  of  electrostatic  unit,  is  the 
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e-charae"  precipitator,  described  by  Faith^0^)  and 
nsonHOl).   in  the  space-charge  precipitator,  the 
culates  are  charged  by  a  conventional  corona,  and  then 
ed  droplets  of  liquid  are  introduced  into  the  gas  in 
orm  of  a  spray  froma  charged  nozzle.   Particles  and 
d  droplets  are  then  collected  by  grounded  wire  mesh 
ctors.   This  unit  combines  the  best  features  of  spray 
ption  with  the  electrostatic  efficiency  levels  of 
culate  removal,  while  avoiding  the  complexity  and 
capital  cost  of  conventional  precipitators.   Unfort- 
ly,  this  type  of  equipment  is  in  the  devlopment  stage 
ill  require  extensive  work  before  becoming  commercially 
able. 


Tunnel  Pollution  Control  -  Feasibility  and  Economic  Evaluation 
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he  objective  of  this  study  was  to  determine  the 
nd  economic  feasibility  of  available  processes 
g  pollutants  from  vehicular  tunnel  atmospheres, 
nts  are  those  originating  in  automotive  exhausts, 

CO,  N0X,  unburned  and  partially-oxidized  hydro- 
d. particulates.   Early  in  the  program,  it  was 
at  adaptation  of  existing  industrial  pollution 
hnology  for  processing  tunnel  air  was  only  one 
possible  control  strategies  that  might  be  employed, 
ossible  strategies  include  auto  exhaust  source 

tunnel  ventilation  augmentation.   The  cost  and 
ss  of  these  latter  control  strategies  were  explored 

sufficient  to  establish  a  basis  for  comparison  for 

secondary  pollution  control  approach. 


The  present  state  of  the  pollution  control  tech- 
nology art  potentially  applicable  to  the  tunnel  problem  has 
been  covered.   This  section  deals  with  the  preliminary  tech- 
nical design  and  cost  evaluations  for  selected  systems.   The 
base  model  used  for  the  feasibility  studies  is  a  1-mile  long, 
250,000  CFM  ventilation  rate  tunnel. 
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for  the  transi ent  nature  of  the  pollutant  loadings,  and  at 
maximum,  there  is  a  good  possibility  that  source  control  will 
eliminate  the  tunnel  atmosphere  problem. 
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A  short  study  of  recycle  air  operations  around  the 
tunnel  or  tunnel  section  was  made,  and  it  was  found  that  any 
degree  of  recycle  would  give  rise  to  an  increase  in  tunnel 
pollutant  concentration  above  the  level  obtained  in  once- 
through  air  operation. 

The  detailed  review  of  the  state-of-the-art  for 
both  source  control  and  tunnel  ventilation  air  treatment 
technology  yields  a  number  of  significant  conclusions  which 
bear  directly  on  the  technology  feasibility  determination. 
In  summary: 

1.   Control  technology  available  for  the 
removal  of  vehicle-derived  pollutants 
comprises  two  distinct  categories: 

(a)  Source  control  technology  already 
developed  for  removal  of  pollutants 
from  automotive  exhaust  at  exhaust 
conditions. 

(b)  Industrial  technology  which  must  be 
adapted  or  extrapolated  to  tunnel 
air  pollutants  and  concentration 
levels,  as  well  as  to  ambient  temp- 
erature operating  conditions. 
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In  most  cases,  the  adaptation  of  con- 
ventional industrial  control  technology 
to  the  tunnel  air  treatment  will  require 
experimental  development  and  field  tests 
This  required  preliminary  work  has  not 
been  done,  and  no  present  tunnel  treat- 
ment installations  exist. 


4. 


5.   It  does  not  appear  reasonable  to  expect 
exhaust  control  techniques  developed  to 
operate  at  the  high-temperature,  high- 
pollutant  concentration  exhaust  conditions 
to  function  at  the  150- fold  dilution, 
ambient-temperature  tunnel  air  conditions. 
In  pollution  control  design  a  prime  rule 
is  to  treat  at  the  point  of  maximum  con- 
centration prior  to  dilution  -  a  rule 
based  on  both  economic  and  efficiency 
considerations,  as  well  as  functional 
feasibi 1 i  ty. 

The  above  preliminary  conclusions  strongly  indicate 
that  tunnel  air  treatment  is  not  likely  to  prove  to  be  a  tenable 
control  strategy  at  this  time,  should  alternate  means  of  control 
be  available.   On  the  other  hand  there  are  a  few  standard  tech- 
nologies such  as  electrostatic  precipitation,  which  appears  to 
be  more  suitable  for  tunnel  air  processing  than  for  source  control 
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application.   This  section  will  be  concerned  with  the  evalu- 
ation of  the  capabilities  of  all  potentially  applicable  tech- 
nology in  the  context  of  available  alternates  and  the  changing 
nature  of  the  source  emissions. 

Tunnel  Pollution  Control  Strategies 

I   ■■■     ■..!■  ■  ..II.  ■   .  ,   ■—   II..!..     »—   —   ■!     I    I     ■   —    »    ■!   !■   ■■   ~     ■     ■       I— I.  ~         ■   ~   ■^■t-  —   ■■  ■■ 

The  application  of  pollution  control  equipment  for 
the  removal  of  pollutants  from  tunnel  air  is  only  one  of 
several  control  approaches  open,  and  it  is  necessary  to  con- 
sider these  alternates,  if  only  from  the  point  of  technical 
and  economic  perspective.   There  are  four  apparent  tunnel 
pollution  control  strategies: 

A.  Control  of  traffic  loadings  and  speed 
within  tunnel. 

B.  Increased  ventilation  rates. 

C.  Exhaust  source  controls. 

D.  Tunnel  air  treatment. 

Pragmatically,  the  first  two  control  strategies 
are  standard  present  control  modes  for  tunnel  pollution 
problems,  although  recent  studies'^8)  indicate  that  these 
techniques  are  not  yet  fully  realized. 
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Information  supplied  by  Kyle'18)  on  the  Sumner 
Tunnel  in  Boston  Harbor  showed  that  the  total  longitudinal 
air  speed  in  the  tunnel  was  14.7  mph,  of  which  the  ventilation 
air  speed  constituted  only  1.3  mph,  while  the  vehicle  sweep 
effect  contributed  13.4  mph.   It  should  be  noted  that  the 
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Direct  vehicular  exhaust  control  techniques  have 
received  the  major  share  of  attention  and  implementation. 
There  appears  to  be  no  question  that  every  possible  effort 
has  been,  and  will  be  made,  to  protect  the  present  industrial 
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and  private  investment  in  the  internal  combustion  vehicular 
engine  by  the  further  development  of  source  controls.   Present 
differences  between  Federal  authorities  and  the  automotive 
industry  concern  timetables  for  emission  reduction,  rather 
than  the  degree. 
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Exhaust  Emission  Projections 

The  design  basis  for  the  ventilation  of  vehicular 
tunnels  is  the  peak  traffic  load  (exhaust  emission  rate)  plus 
a  maximum  CO  concentration  limit.   It  should  be  noted  that 
prevailing  vehicular  CO  emission  data  obtained  from  test  data 
at  the  time  of  the  ventilation  design  are  now  used  as  the 
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TABLE   24 
NATIONAL  AIR  QUALITY  STANDARDS  PROPOSED  BY  EPA 
PRIMARY  STANDARDS 


Air  Pollutants 

pg/m3 

ppm 

CO 

Max.  8-hr.  cone,  once  a  year 
Max.  1-hr.  cone,  once  a  year 

10, 000 
15,000 

11.4 
17.2 

HC 

Max.  3-hr.  cone,  from  6  am. 
to  9  am.  once  a  year 

125 

-- 

NOx 

Annual  arithmetic  mean 

24-hr.  cone,  once  a  year 

100 
250 

0.19  (as  NO2) 
0.47  (as  NO2) 

SOx 

Annual  arithmetic  mean 
24-hr.  cone,  once  a  year 

80 
365 

0.21  (as  SO2) 
0.96(asSO2) 

Particulate  matter  annual 

geo.  mean 
Max.  24-hr.  cone,  once  a  year 

75 
260 

-- 

Photochemical  oxidants 

Max.  1-hr.  cone,  once  a  year  125 


Adapted  from  Pollution  Engineering,  1971 
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basis  for  estimating  ventilation  needs. 
Straight  Creek  Tunnel  ventilation  system 
emission  test  data  obtained  in  1964  road 
Ventilation  needs  for  the  year  1990  were 


Thus,  for  the 
des1gn(l05)f  CO 

tests  were  utilized, 
also  calculated 


based  on  these  1964  emission  data.   Because  1964  is  a  year 
representative  of  virtually  uncontrolled  exhaust  emissions, 
it  may  serve  a  conservative  design  base,  but  a  26-year  ex- 
trapolation in  the  light  of  the  success  of  source  control 
techniques  represents  an  unknown  degree  of  over-design. 
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Previous  estimates  of  future  automotive  exhuast 
emi ssions (1 °8)  have  made  allowance  for  the  projected  increase 
in  the  total  automobile  population.   This  is  a  necessary 
approach  when  computing  the  net  effect  of  control  technology 
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TABLE    25 
EXHAUST  EMISSION  STANDARDS  AND  GOALS 

Emission  Levels,  Grams  per  Mile 

Year  HC  CO  NOx                        Particulate 

1970  2.2  23.0 

1971*  2.2*  23.0*  4.0* 

1972*  1.5*.  23.0*  3.0* 

1973  2.2  23.0  3.0 

1974*  1.5*  23.0*  1.3* 

1975*  0.5*  12.0*  1.0* 

1975  0.5  11.0  0.9                            0.1 

1980  0,25  4.7  0.4                             0.03 


Evaporation  Losses  -  6.0  grams  per  test  in  1970  in  California 

and  1971  nationwide. 

♦California  only. 
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on  atmospheric  pollution  in  urban  areas,  and  where  total 
emissions  are  of  prime  interest.   However,  vehicular  tunnels 
have  a  finite  length,  and  a  design  base  maximum  traffic 
capacity  at  a  fixed  emission  level.   Emissions  in  tunnels 
will  thus  be  affected  only  by  the  age-composition  of  the 
automobile  and  truck  population,  and  not  by  the  expansion 
or  gross  numbers  of  the  car  and  truck  populations. 

Age-composition  data  have  been  calculated  by 
Blum^O?)  from  figures  published  in  Automobile  Facts  and 
Figures (' 09)  and  these  data  on  automobile  longevity  are 
presented  in  Table  26.   In  the  absence  of  information  on 
changes  in  ownership  patterns  or  automobile  longevity  with 
economic  conditions,  it  may  be  assumed  that  Table  26  repre- 
sents a  composition  that  will  be  relatively  stable  with 
time,  and  that  the  age  distribution  of  1963-1964  will  con- 
tinue to  hold  for  the  1970-1980  period.   Blum  derived  a 
statistical  model  relating  the  total  rate  of  vehicular 
emissions  to  driving  characteristics  and  vehicle  emission 
controls,  and  while  this  model  is  best  projected  by  computer, 
Table  26  does  allow  arithmetic  approximation  of  Blum's  Model 
I  analysis,  using  the  emission  control  schedules  of  Table  25. 
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Combining  the  above  data  with  the  projected  control 
timetables  enables  a  stepwise  arithmetic  calculation  of  com- 
parative CO  and  HC  emissions  for  the  years  1970,  1975  and 
1980.   These  calculations  are  presented  in  the  Appendix  II 
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TABLE    26 


AUTOMOBILE  LONGEVITY 


Fraction  of  Cars 

(A-l)  Years  Old 

in 

Fraction  of  Cars 

"A" 

Preceding  Year 

Originally  Produced 

Age  of  Car 

Surviving  to  Become 

that  had  Survived 

(Years) 

"A"  Years  Old  i 

in: 

"A"  Years  in: 

1963                     1964 

1963 

1964 

2  -  3 

.999                    1 

.000+ 

3  -  4 

.999 

.991 

.999 

.991 

4  -  5 

.990 

.990 

.990 

.981 

5  -  6 

.974 

.975 

.964 

.956 

6  -  7 

.957 

.952 

.922 

.910 

7  -  8 

.936 

.916 

.863 

.834 

8  -  9 

.906 

.909 

.781 

.758 

9  -  10 

.856 

.859 

.669 

.651 

10  -  11 

.813 

.822 

.544 

.535 

11  -  12 

.780 

.770 

.424 

.412 

12  -  13 

.764 

.753 

.324 

.310 

13  -  14 

.769 

.752 

.249 

.234 

14  -  15 

.752 

.757 

.187 

.177 

15  -  16 

.773 

.731 

.145 

.129 

16+ 

.797 

.825 

.116 

.107 

Median  Automobile  Life    =   11  Years  (Approx.) 

Average  Age  of  Automobile  Population   =   6  Years  (Approx.) 
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and  the  results  are  plotted  in  Figure  30.   It  is  obvious 
that,  despite  the  time-lag  effect,  the  degree  of  control 
programmed  is  so  sharp  that  the  indicated  reductions  in 
average  emissions  are  considerable.   The  average  hydro- 
carbon emission  will  be  reduced  from  660  ppm  in  1970  to 
156  ppm  in  1980,  and  the  average  CO  emission  will  decrease 
from  25,790  ppm  to  6,120  ppm  over  this  same  period.   This 
calculation  makes  no  assumptions  concerning  the  nature  of 
the  exhaust  control  technology  to  be  employed,  but  should 
it  be  of  a  non-integral  nature,  such  as  a  catalytic  con- 
verter, which  can  be  added  to  older  models,  then  the  decrease 
in  emissions  would  be  even  more  marked  than  shown  in  Figure 
30. 
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the  immediate  decade  resulting  from  the 
xhaust  controls  is  substantially  equivalent 
increase  in  tunnel  ventilation  capacity  over 
levels  (discounting  the  decreases  in  average 
that  have  already  occurred  in  the  1964-1971 
uestion  naturally  arises  as  to  whether  or 
unnel  ventilation  or  pollutant  removal  measures 
,  required  in  view  of  the  apparent  effective- 
aust  control  approach.   The  only  answers  that 
at  this  time  are: 
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t  controls. 


Because  national  primary 
criteria  are  still  in  preparation, 
review  the  control  problems  at  the 
been  formulated  and  accepted. 


ambient  air  quality 

it  will  be  necessary  to 

time  these  standards  have 


Tunnel  Air  Treatment:   Problem  Statement 

The  design  base  used  in  assessing  the  feasibility 
of  various  tunnel  air  treatment  techniques  was  a  1-mile  long, 
single-tube  tunnel  with  a  ventilation  air  rate  of  250,000  CFM 
Data  on  the  gaseous  pollutant  volumetric  emission  rates  for 
this  base  tunnel  are  listed  in  Table  27.   These  values  are 
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TABLE  27 

TUNNEL  POLLUTANT  LOADINGS 

Basis:    1  Mile  Tunnel  Length 

Level  Single  Tube,  2,000  Vehicle/Hr. 

40  Mile/Hr.  Average  Speed 


Component 

Ft. 

3/Hr.<a) 

ppm 

Lbs./Hr.<b) 

Carbon  Monoxide 

2 

,260 

150 

163.5 

Ethylene 

28 

1.86 

2.02 

Acetylene 

28 

1.86 

1.88 

Hydro  carbon 

68 

4.53 

17.6  <c> 

Nitrogen  Dioxide 

8 

0.53 

0.95 

Nitric  Oxide 

28 

1.86 

2.17 

Acrolein 

10 

0.67 

1.44 

Formaldehyde 

22 

1.47 

1.70 

Sulfur  Dioxide 

16 

1.07 

0.26 

Carbon  Dioxide 

10, 

170 

678 

1,156 

(a)  Letter  from  F.  Roehlich,  MSA  Research,  March  19,  1971  to 
B.  Lerner,  Patent  Development  Associates 

(b)  Based  on  70°F.  tunnel  temperature 

(c)  Assumed  mol.  wt.    =   100 


Assumed  Ventilation  Air  Rate    =   250,  000  cfm. 
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also  stated  in  terms  of  parts  per  million  (volumetric)  and 
mass  rates  to  provide  comparisons  with  normal  industrial 
pollution  equipment  capabilities.   With  the  exception  of 
CO,  the  ppm  pollutant  concentrations  listed  in  Table  27  are 
representative  of  treated  gaseous  effluent  concentration 
levels  for  most  gas  processing  operations,  rather  than 
concentration  inputs  to  such  processes. 
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The  tunnel  air  treatment  problem  becomes  even 
more  complex  when  each  pollutant  is  matched  against  the  re- 
moval process  judged  to  be  most  applicable  under  normal  cir- 
cumstances.  This  has  been  done  in  Table  28,  which  briefly 
summarizes  the  results  of  an  evaluation  of  the  current  opti- 
mum control  process  art  with  respect  to  each  pollutant. 
Also  given  in  Table  28  are  particulate  data.   The  process 
selections  listed  are  preliminary  and  "apparent"  from  an 
engineering  point  of  view;  they  should  not  be  considered 
feasible  or  recommended  at  this  point.   It  is  obvious  from 
Table  28  that  a  combination  of  processes  will  be  required  for 
the  removal  of  most  or  all  of  the  pollutants.   Essentially, 
the  1,125,000  lbs/hr  of  tunnel  air  must  be  processed  several 
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TABLE   28 
PRELIMINARY  SINGLE -POLLUTANT  OPTIMUM  PROCESS  INDICATION 


Component 
Carbon  Monoxide 
Ethylene 
Acetylene 
Hydrocarbons 
Nitrogen  Dioxide 
Nitric  Oxide 
Acrolein 
Formaldehyde 
Sulfur  Oxide 
Carbon  Dioxide 


ppm 

Process  Indication 

150 

Catalytic  Oxidation 

1.86 

Catalytic  Oxidation 

1,86 

Catalytic  Oxidation 

4.53 

Carbon  Adsorption 

0.53 

Water  Absorption 

1.86 

Zeolite  Adsorption 

0.67 

Water  Absorption 

1.47 

Water  Absorption 

1.07 

Water  Absorption 

678 

Water  Absorption 

Particulates(a) 
(including  benzene - 
soluble  organics)    (150) 


/V 


nr 


500 


Electrostatic  Precipitation 


(a)   Letter  of  December  30,  1970  from  F.  Roehlich,  Jr0,  MSA  Research 
to  B.  J.  Lerner,  Patent  Development  Associates,  Inc. 
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times  to  yield  multi -pol lutant  removal  capability.   One 
of  the  hidden  difficulties  in  Table  28  is  the  fact  that 
each  process  was  selected  for  the  individual  pollutant, 
neglecting  the  interference  and  interaction  effects  known 
to  exist.   For  example,  gas  absorption  of  NO2  in  water  is 
a  standard  operation  for  this  component,  but  it  is  doubtful 
if  this  soluble  acid-gas  can  be  absorbed  in  the  presence 
of  much  higher  concentrations  of  another  acid-gas:  CO2. 
Further,  even  when  considered  alone,  the  concentrations  of 
NO2  in  tunnel  gas  are  far  below  the  concentrations  normally 
treated  in  sorption  operations,  and  indeed,  below  usual 
effluent  treated  gas  concentrations. 
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at  this  stage  of  changing  ambient  standards  becomes  uncertain 
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The  tunnel  ventilation  fan  operating  costs  were 
also  adapted  from  the  Straight  Creek  Tunnel  Design  report,  and 
the  electrical  energy  costs  were  assumed  to  be  the  same  as 
in  the  report.   In  the  absence  of  a  specific  reference  tunnel 
location,  the  electrical  power  cost  data  for  any  location  may 
be  used  as  a  reference  case,  provided  the  detailed  cost  break- 
down is  provided,  as  was  the  case  in  the  Straight  Creek  Tunnel 
report.   The  calculated  data  are  summarized  in  Table  30,  and 
attention  is  called  to  the  assumed  operating  rate  of  half-peak 
load  for  365  days/year  plus  peak  load  of  44  hours  per  week. 
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or  treated  in  depth.   However,  some  preliminary  calculations 
were  carried  out  to  assess  the  magnitude  of  the  economics 
of  a  hypothetical  heat/cooling  cycle. 
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cation  to  the  250,000  CFM  base  tunnel  air  case: 

Cannon  Catalyst:   60  Mn02/40  CuO 

Test  Conditions:  Space  Velocity  =  10,880  hr 

Operating  Temperature  =  25°C 
Catalyst  Density  =  0.88  g/ml 

Volumetric  Air  Flow  =  250,000  CFM 

a.  Catalyst  Volume  Required 

Volume  =  {250,000)(60)  =  -,  380  CF 
10,880 

b.  Pressure  Drop 

Without  information  on  the  physical  form  of  the 
catalyst,  it  is  necessary  to  assume  that  it  would  be  equiv- 
alent to  4-10  mesh  granules  in  fixed-bed  form.   Assuming 
further  a  linear  velocity  of  80  ft/min,  typical  of  granular 
fixed-bed  gas  processing: 

Case  I:   Face  Velocity  =  80  FPM 

Bed  Area  =  (250,000  CFM)_  „  3>125  ft2 
(80  FPM) 

Bed  Thickness  =  .(Volume)  =  P?jj°?  =  0.441  ft 

(Area)    (3125) 

■  5.3  inches 

Weight  of  Catalyst 

=  (1380  CF)  (0.88)  (62.4  PCF) 

=  7,580  lbs 

From  Figure  1,  Appendix  II: 

Pressure  Drop/inch  depth  at  80  FPM  =  0.725  in.W.G 
Pressure  Drop  through  5.3-inch  bed 

=  (0.725)  (5.3)  =  3.84  in.  W.G. 

The  above  pressure  drop  calculation  was  based  on  a 
normal  linear  gas  flow  velocity  through  a  fixed  granular  bed, 
and  the  AP  of  3.84  in.  W.G.  may  be  excessive  for  ventilation 
blowers  with  limited  heads.   It  is  therefore  desirable  to 
calculate  bed  area  and  thickness  for  the  case  of  limited  blower 
head,  and  this  latter  value  can  now  be  assumed  as  not  to  exceed 
1  inch  W.G. 
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Case  II:   Face  Velocity  =  45  FPM  (Trial  &  error 
from  Figure  1,  Appendix  II) 

Bed  Area  =  (25?»??°?   =  5,560  ft2 
(45) 

Bed  Thickness  =  -(^jj*Jg|  =  0.2485  ft 

=  (0.2485)  (12)  =  2.98  inches 
From  Figure  1,  Appendix  II,  at  45  FPM 

Pressure  drop/ in.  depth  =  0.33  in.  W.G. 

Total  Pressure  Drop  =  (2.98)  (0.33)  =  0.985  in. 
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One  of  the  well-established  feasibility  factors  for 
catalytic  oxidation  of  automobile-derived  pollutants  is  the 
susceptibility  of  the  catalyst  to  poisoning  by  the  lead  salts 
and  other  particulates  present  in  auto  exhaust.   Based  on 
exhaust  catalytic  converter  experience  continuous  long  term 
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Price  information  on  the  Mn02/Cu0  catalyst  tested 
by  Cannon  was  not  available  directly,  and  it  was  therefore 
assumed  that  this  was  a  precipitated  material.   From  published 
price  data  on  the  component  oxides  so  prepared,  it  was  esti- 
mated that  the  cost  of  the  mixed  oxides  was  approximately 
$1.80/1b.   Provided  that  bulk  quantities  of  this  catalyst 
could  be  obtained  at  this  price,  the  catalyst  cost  for  the 
required  7,580  lbs  would  be  $13,644.   This  latter  figure 
involves  considerable  uncertainty  because  of  the  quantity 
involved  and  the.  present  lack  of  available  information  on 
commercial  sources. 
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Depending  on  catalyst  life  with  and  without  pre-removal 
of  particulates,  a  situation  that  should  be  experimentally 
determined  for  the  low  tunnel  air  particulate  loading  of 
500  yg/m^,  it  probably  would  be  cheaper  to  periodically 
replace  the  catalyst  rather  than  install  a  suitable  partic- 
ulate-removal  device  such  as  an  electrostatic  precipitator. 
Lack  of  catalyst  cost  and  life  data  does  not  allow  a  firm 
estimate  at  this  time,  but  assuming  a  3-year  replacement 
schedule  at  the  above-estimated  catalyst  cost,  plus  35% 
for  the  labor  involved  in  change-over,  the  annualized  catalyst 
charge  would  then  be  $4,775.40,  and  the  particulate  control 
unit  is  eliminated. 

The  write-off  period  for  pollution  control  equip- 
ment will  vary  with  the  potential  corrosion  severity  of  the 
process  and  system  handled,  but  in  any  event  will  be  faster 
than  for  a  purely  mechanical  unit  such  as  a  blower  and  motor. 
For  the  comparatively  mild  conditions  expected  in  ambient- 
temperature  catalytic  oxidation,  a  20-year  straight-line 
amortization  period  may  be  assumed.   The  capital  and  operating 
charges  for  catalytic  oxidation  may  be  summarized  as  follows: 

TABLE  31  -  SUMMARY  OF  CATALYTIC  OXIDATION  COSTS 
60%  Mn02/40%  CuO  Ambient-Temperature  Catalyst 

Annual  Unit  Annualized  Annual  Fan  Total  Annual  Total 
Capital  Catalyst  Capital  Cost  Capital  Operating 
Charged)  Replacement  (Table  29)  Charges  Cost 
Cost  (Table  30) 

$9,434         $4,775         $4,980        $19,189        $4,095 
(a)   Including  20%  for  taxes,  insurance  and  maintenance. 


For  the  removal  of  small  amounts  of  hydrocarbons 
from  an  air  stream,  activated  carbon  adsorption  is  the  method 
of  choice,  primarily  because  of  its  selectivity  and  low-concen 
tration  capability.   A  number  of  discussions  were  held  with 
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engineering  representatives  of  a  major  activated  carbon 
supplier  with  reference  to  the  practicality  of  a  250,000 
CFM  scale  of  operation,  which  was  known  to  be  roughly  10 
times  that  of  a  large  industrial  installation.   The  con- 
sensus as  to  economic  feasibility  was  negative,  although 
technically,  there  was  no  indication  of  scale  problems  for 
adsorbable  hydrocarbons,  although  capacity  was  questionable 
On  a  preliminary  basis,  removal  of  a  single  component  or 
pollutant  group  from  the  air  stream  with  a  high-head  loss 
fixed-bed  operation  is  an  expensive  and  less-than-i deal 
method  of  partial  control. 
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Activated  Carbon  Adsorber  Design 


Part  I:   Adsorption  Cycle: 

From  Figure  2,  Appendix  II  at  7  ppm  HC: 

Capacity  to  saturation  =  1.57  lb  n-butane/100  lb 

carbon 
Working  Charge,  at  50%  of  saturation  capacity 

=  0.785  lb  n-butane/100  lb 
carbon 

From  Lee  (1970)  and  PACC0  data:  Face  Velocity  =  80  FPM 
Area  of  Bed  Required   =  (250,000j.  =  3j25  ft2 

Bed  Depth:   In  order  to  avoid  the  use  of  a  two- 
bed  system,  and  the  extreme  capital 
costs  involved,  bed  depth  was  selected 
by  trial  and  error  to  yield  a  single- 
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bed  adsorber  capable  of  operating, 
with  steam  regeneration,  within  a 
24-hour  cycle.   Design  is  such  that 
steam  regeneration  can  be  theoreti- 
cally accomplished  in  off-peak  load 
time  period. 

Bed  Depth  =  6  inches 

Volume  of  Bed  =  (3,125)  (1/2)  =  1,562  CF 

Weight  of  Carbon  in  Bed  (at  30  Ib/CF  bulk  density) 

=  (1  ,562)  (30)  =  46,860  lbs 
Weight  of  Adsorbate  to  Breakthrough 

=  (46,860)  (0.00785)  =  368  lbs 
Lb/Hr  of  Hydrocarbon  (Table  27) 

=  17.6  Ib/hr 

Duration  of  Adsorption  Cycle 

368)   =  20.8  hours 
17.6) 

From  Figure  1,  Appendix  II: 

Pressure  Drop/inch  depth  at  80  FPM  =  0.725  in.W.G. 

Pressure  Drop  through  6-inch  bed 

=  (0.725)  (6)  =  4.35  in.W.G. 

The  pressure  loss  through  the  fixed-bed  adsorber 
is  virtually  the  same  as  the  head  capacity  of  the  4.2"  W.G. 
blower  listed  in  Tables  29  and  30,  and  the  operating  costs 
of  this  unit  may  be  added  to  those  of  the  adsorption  equip- 
ment (capital  cost  estimate  for  the  activated  carbon  adsorber 
includes  the  blower). 

In  the  absence  of  actual  system  test  data,  steam 
regeneration  cycle  requirements  for  a  uniquely  low  concen- 
tration of  7  ppm  hydrocarbon  of  varying  composition  can  at 
best  be  roughly  approximated.   Mattia(56)  presents  dsta  for 
adsorption  of  a  20  ppm  solvent  from  a  20,000  CFM  stream, 
together  with  steam  regeneration  time  curves  for  various 
blowdown  rates.   Taking  a  value  of  128  minutes  regeneration 
from  the  Mattia  curve  at  a  blowdown  rSte  of  2000  CFM,  and 
estrapol ating  linearly  to  the  tunnel  air  adsorption  conditions 
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CFM  Blowdown  Required  =  (20  ppm)  (20,000  CFM)  (2,000  CFM) 

(7  ppm)  (250,000  CFM) 

=  8,760  CFM 

Lb  Steam/Regeneration,  assuming  110%  blowdown  for  vessel 
heatup : 

=  (8,760)  (492)(128)(18)(1.1) 
(359)(7l0) 

=  42,900  lbs/cycle 

Assuming  50%  operational  time  requirements: 

No.  Cycles/Year      =  (3^5)p2) 

=  182  cycles 

where  adsorption  time  =  20.8  hours,  regeneration 
time  ='  2.1  hours , 

and  heating-cooling  time  =  1.1  hours 
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As  was  noted  in  the  economic  workup  on  fixed-bed 
catalytic  oxidation,  the  capacity  of  the  adsorption  system 
required,  250,000  CFM,  far  exceeds  that  of  any  unit  yet 
built.   Extrapolation  of  economic  data  to  this  range  is  ex- 
treme, and  extremely  uncertain.   Again  using  HEW  AP-68C12) 
curves  for  installed  costs,  and  extrapolating: 

Installed  Cost,  250,000  CFM  Adsorber  =  $295,000 
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Capital  Charges: 

Assuming  15-year  life,  20%  taxes  and  insurance 

Annualized  Capital  Charges  =  $23,600 
Operating  Charges: 

Steam  Costs:   Cost/cycle,  at  $1.00/M  lb  steam  cost 

=  $42.90 

Cost/Year,  182  cycles   =  $7,808 


Blower  Cost 


From  Table  30,  1"  W.G. 
=  $4,095 


Total  Operating  Costs   =  $11,903 
Total  Annual  Capital  +  Operating  Charges  =  $35,503 
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Process  Feasibility:   Particulates 
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Assuming  a  150  to  200-fold  dilution  of  automotive 
exhaust  in  tunnel  air,  the  concentration  of  particulates  in 
the  exhaust  itself  will  be  of  the  order  of  0.04  gr/CF.   This 
latter  concentration  is  in  the  range  where  agglomeration  and 
inertia!  removal  are  effective,  and  exhaust  source  control 
of  particulates  has  already  proven  to  be  technically  feasi- 
ble, and  is  most  certain  to  be  utilized  when  standards  are 
formulated.   The  impetus  for  external  control  of  particulates 
therefore  would  not  seem  to  exist  atthis  time.   Despite  the 
present  lack  of  any  data  on  particulate  collectibility  by 
ESP,  or  the  physical  nature  and  properties  of  the  particu- 
lates, an  exploratory  economic  analysis  of  this  operation 
was  carried  out. 

The  economic  workup  of  ESP  was  carried  out  using 
the  procedures  outlined  in  HEW,  AP- 51 (113)  and  the  cost  data 
contained  in  this  publication  and  in  Walker(99)4 

Design  Capacity  (S),  ACFM  =  250,000 

Assuming  50%  onstream  time  requirement: 

Annual  Operating  Time  (H)  =  4,380  Hours 

Purchase  Cost  (High  Efficiency  Unit)  =  $180,000 

Instal 1 ati  on  : 


Installation  Factor, % 
Installation  Cost 
Purchase  Cost 
Total  Capital  Cost 


Low 

40 
$  72,000 
$180,000 
$252,000 


Typical 

70 
$126,000 
$180,000 
$306,000 


High 

100 

$180,000 

$180,000 

$360,000 
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Annual  Capital  Charges  (C) 


The  simplifying  assumptions  used  in  estimating  the 
annualized  capital  costs,  in  HEW,  AP-51  were: 

(a)  Depreciation  of  purchase  and  installation 
costs  over  15  years. 

(b)  Straight-line  depreciation  of  6-2/3%  on 
installed  costs,  plus 

(c)  Capital  charges  of  taxes,  interest  and 
insurance  of  6-2/3%  of  initial  capital 
costs,  to  give  a  total  annual  charge 
of  13-1/3%. 

Additionally,  the  1968  equipment  costs  used  in  AP-51  were 
uncorrected  to  1971  costs  because  of  the  preliminary  nature 
of  the  cost  estimates  made. 

(C)  =  (0.133)(Cost) 

Low     (CL)    =  (0. 1 33) ($252,000)  =  $33,516 

Medium  (CM)    =  (0. 1 33) ($306 ,000)  =  $40,698 

High    (CH)    =  (0.133) ($360 ,000)  =  $47,880 

Power  &  Maintenance  Costs  (assuming  no  extra  fan  power) 

Low    Typi  cal    High 

Power  Costs  (K),  $/kw-hr 

Power  Requi  rements  (J) ,  10"3|<w/ACFM 

Maintenance  Costs(M),  $/ACFM 

G  =  S(JHK  +  M) 
where : 

G  =  annual  operating  &  maintenance  costs 

S  =  design  capacity,  ACFM 

J  =  power  requirements,  kw/ACFM 

H  =  annual  operating  time,  4,380  hours 

K  =  power  cost,  $/kw-hr 

M  =  maintenance  costs,  $/ACFM 


0.005 

0.011 

0.06 

0.19 

0.26 

0.40 

0.01 

0.04 

0.06 
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Low(GL),  Typical  (GM),  and  High(Gu)  annual  operating  and 
maintenance  costs  calculated  as  above  are  as  follows:. 

GL  =  $3,540;  GM  =  $13,130;  6H  =  $41,230 

and,  Total  Mean  Annual  Cost  =  C|^  +  GM  =  $53,828 

Using  the  square  root  of  the  sum  of  the  squares  of 
the  differences,  the  high  (V^)  and  low(VL)  cost  variances  are 
as  follows: 

VL  =  (  ($7,182)2  +  ($9,590)2  )1/2 

=  $11  ,940 

VH  =  (  ($7,182)2  +  ($28,1 00)2  )1/2 

=  $28,950 

Therefore : 

Lower  Cost  Limit  =  $53,828  -  $11,940 

=  $41 ,888 

Higher  Cost  Limit*  $53,828  +  $28,950 

=  $82,778 

The  high  cost  variance  amounts  to  more  than  50% 
of  the  mean  cost  of  $53,828,  so  that  the  chances  of  exceeding 
the  mean  cost  is  much  better  than  a  cost  under-run.   The 
annual  ESP  costs  are  a  good  deal  higher  than  those  of  the 
treatment  techniques  previously  estimated,  and  it  may  be  con- 
cluded that,  in  addition  to  being  technically  doubtful,  ESP 
is  apparently  prohibitively  expensive  for  the  single-compon- 
ent application. 


normal ly 
two-stage 
aerosol s 
units.   I 
more  appl 
units  can 
Further, 
data  are 
of  this  u 
h  i  g  h  -  v  o  1 1 
cost  situ 
even  more 
above,  an 


It  s 
appl  i 
,  low 
such 
t  was 
i  c  a  b  1 
not  b 
the  1 
avail 
nit  i 
age  E 
a  t  i  o  n 

nega 
d  thi 


hould 
ed  to 
-volt 
as  oi 

real 
e  to 
e  use 
arges 
able 
s  abo 
SP  un 

for 
ti  ve 
s  uni 


be  n 
high 
age  u 
1  smo 
i  zed 
the  t 
d  on 
t-cap 
is  10 
ut  $3 
it  of 
the  t 
than 
t  was 


oted 

ly  co 

nits 

kes  a 

that 

unnel 

solid 

aci  ty 

0,000 

30,00 

the 
wo- st 
for  t 

not 


that  high 

ncentrate 

are  used 

nd  genera 

the  low-v 

parti  cul 

s  ,  w  i  t  h  o  u 

two-stag 

ACFM,  an 

0,  as  aga 

same  capa 

age  low-v 

he  ESP  un 

reviewed 


-vol ta 
d  emis 
for  di 
1  air 
ol tage 
ate  pr 
t  wash 
e  unit 
d  the 
i  n  s  t  $ 
ci  ty . 
ol tage 
it  c a  1 
f urthe 


ge  ESP 
s  i  o  n  s  , 
lute  li 
condi  ti 

units 
oblem, 
i  n  g  a  d  a 

for  wh 
i  nstal 1 
190,000 

Theref 

preci  p 
cul ated 
r. 


units  are 
whereas 
quid 
o  n  i  n  g 
might  be 
but  these 
p  t  a  t  i  o  n  . 
ich  cost 
ed  cost 

for  the 
ore,  the 
i  t  a  t  o  r  is 

in  detail 


146 


Based  on  data  provided  by  Western  Precipitation 

Division  of  Joy  Manufacturing  Company,  a  precipitator  volume 

of  16,680  cubic  feet  was  estimated  as  necessary  to  handle 

the  requirement  of  250,000  ACFM  at  a  5  ft/sec  linear  velocity. 
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As  is  obvious  from  Table  32,  the  governing  variable 
for  particulate  removal  in  a  spray  system  is  the  size  of  the 
particulate.   As  was  indicated  earlier,  more  than  95%  of  the 
mass  of  automotive  exhaust  fumes  is  in  the  plus-1  micron  size 
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range.   Further,  a  spray  system  tends  to  increase  particle 
size  by  agglomeration,  so  that  a  degree  of  particle  growth 
can  be  expected.   Also,  in  the  normal  spray  system,  the  liquid 
is  colder  than  the  gas,  and  a  certain  amount  of  condensation 
on  the  aerosol  particulates  will  occur,  increasing  the  particle 
size.   The  chamber  sizes  required  for  the  removal  of  plus-3 
micron  particulates  from  250,000  CFM  of  air  in  Table  32  are 
reasonable  and,  given  the  expected  particle  size  distribution, 
the  use  of  spray  chambers  for  removal  of  particulates  from 
tunnel  exhaust  air  at  good  efficiency  (75-90%)  apnears  to 
be  technically  feasible. 

Because  water  spray  scrubbing  was  under  consider- 
ation as  a  tunnel  exhaust  treatment  technique,  a  detailed 
estimate  was  not  attempted,  and  the  preliminary  costs  were 
calculated  under  the  assumptions  and  the  data  of  HEW,  AP- 51, 
as  outlined  previously.   Using  the  wet  scrubber  cost  data 
for  a  250,000  CFM  unit: 

Annual  Capital  Cost: 

Purchase  Cost  =  $32,000 

Installation  Cost(0  100%)  =   $32,000 

Total  Installed  Cost     =   $64,000 

and   Annual  Capital  Cost       =  (0. 1 33) ($64 ,000) 

=  $8,512 

Annual  Operating  and  Maintenance  Cost,  (G): 
G  =  S(0.7457HK(Z  +  Qh/1980)  +  WHL  +  M) 

where  Val ue 

S  =  Design  capacity,  ACFM  250,000 

H  =  Annual  operating  time,  at  50%,  hours/year   4,380 
K  =  Power  costs,  $/kw-hr  (typical)  0.011 

Z  =  Contacting  power,  HP/ACFM  (low)  0.0013 

Q  =  Liquor  circulation  rate,  gal /ACFM(low)      0.001 
h  =  head  required,  ft  of  water  (high)  60 

W  =  Make-up  water,  gal/ACFM  0.0005 
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L  =  Water  cost,  $/gal  x  10~3(typi cal )  0.50 

M  =  Maintenance  cost,  $/ACFM(low)  0.02 

now      (Z  .+  Qh/1980)  =  0.00133 

and      WHL  =  (0.005) (4,380) (0. 5  x  10"3) 

=  0.001096 

G  •=  (250, 000)(0.7457)(4,380)(0.011)(0.00133)  +  (0. 0211) 

=  $17,250 

Total  Annual  Cost  =  $8,510  +  $17,250 

=  $25,760 

The  annual  operating  and  maintenance  costs  are  on  the 
high  side  because  of  the  use  of  generalized  wet  scrubber  cost 
data.   The  spray  chamber  is  the  simplest  device  of  all  wet 
contacting  units,  but  the  absence  of  specific  unit  operating 
cost  information  prevents  a  more  rigorous  analysis.   If  more 
definitive  costs  are  required,  a  reassessment  of  operating 
costs  is  recommended  for  a  specific  tunnel  location  and  a 
localized  cost  structure. 


Process  Feasibility:   Water  Solubles 
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The  primary  indicators  of  the  feasibility  of  wet 
scrubber  or  spray  chamber  application  to  tunnel  exhaust 
cleaning  are  the  size  of  the  unit  to  be  required,  and  its 
probable  efficiency.   Spray  chamber  capacities  and  efficiencies 
were  investigated  by  Pigford(80)}  and  mass  gas  flow  rates  of 
2000  lbs/hr/ft^  were  reported  as  being  achievable  in  cyclonic 
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The  economics  of  spray  scrubbing  have  been  reviewed 
in  the  previous  section. 

General  Feasibility:   Recycle  &  Compartmental i zati on 
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Assuming  now  a  tunnel,  or  tunnel  section,  T,  followed 
by  a  treatment  process,  P,  for  the  removal  of  CO  at  an  effici- 
ency of  Er: 
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where 

F  =  fresh  air  rate,  CFH 

R  =  recycle  air  rate,  CFH 

Wc  =  rate  of  CO  generation  in  T,  CFH 

Cc  =  concentration  of  CO  leaving  process,  P,  ppm 

C'c   =  concentration  of  CO  entering  tunnel,  T,  ppm 

CJ1  =  concentration  of  CO  leaving  tunnel,  T,  ppm 

Assuming  there  is  no  CO  content  in  fresh  ambient  air,  and 
taking  a  process,  effi ciency  of  90%: 


R  +  F  =  15  x  10b  CFH 


Let: 


x  =  R/F  =  Recycle  ratio 

Substituting  in  the  above  equation: 

F  =  15  x  106 
(1  +  x) 

At  steady-state  conditions,  CO  input  =  CO  output  from  system, 
so: 


and 


FCC  =  Wc  (1  -  Ec) 

FCC  =  2260  (1  -  0.9) 
Cc   =  226/F 
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Now  from  CO  balance  around  the  bleed  point: 
(R  +  F)  C£  +  Wc  (1  -  Ec)  =  (R  +  F)  Cc 

and   (Cc  "  Cc)  =  152x6l0'6   =  15-1  ppm 
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A  glance  at  the  model  used  for  the  above  calculation 
will  show  that  it  applies  equally  well  to  internal  recycle 
operations  between  sections  of  a  tunnel  as  well  as  to  a  com- 
plete tunnel  system.   Thus,  no  matter  where  the  recycle  is 
placed,  the  pollutant  concentration  increase  will  occur.   An 
examination  of  the  assumptions  made  in  the  derivation  of  the 
data  of  Table  33  show  that  these  are  not  limiting,  and  the 
above  conclusions  are  general  for  any  pollutant  generated  at 
any  rate. 
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compartmental izati on  requires  the  use  of  one  control  process 

installation,  and  generalizing,  the  breaking  of  the  tunnel 

into  r^  treating  sections  requires  the  use  of  (n_-l)  process 
units. 


The  estimated  annual  costs  for  the  various  pollution 
control  processes  evaluated  in  this  study  are  summarized  in 
Table  34.   This  tabulation  permits  a  cost  comparison  of  the 
alternate  control  techniques,  and  in  purely  economic  terms, 
it  appears  that  augmentation  of  tunnel  ventilation  is  the  most 
attractive  control  measure.   This  would  be  particularly  true 
for  existing  low  head-loss  tunnel  ventilation  systems,  in  the 
range  of  1"  to  2"  W.G.   However,  for  the  higher  initial  head- 
loss  tunnel  systems  above  2"  W.G.  the  increase  in  annual 
power  costs  required  for  significant  flow  augmentation  would 
bring  the  total  cost  of  this  method  above  that  of  catalytic 
oxidation  or  spray  scrubbing. 

As  indicated  in  Table  34,  when  feasibility  factors 
are  added  to  the  economic  considerations,  then  there  appears 
to  be  no  secondary  pollution  control  technique  with  the  cost- 
effectiveness  capability  of  ventilation  blower  addition  or 
substitution  at  the  present  time.   However,  the  desirability 
of  additional  development  work  on  catalytic  oxidation  and  spray 
scrubbing  is  definitely  indicated  by  the  data  of  Table  34,  and 
it  is  recommended  that  additional  laboratory  and  pilot  work 
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on  these  operations  be  undertaken.   Based  on  the  process 
review  and  analyses  carried  out  in  this  study,  the  following 
conclusions  may  be  drawn: 

1.  Both  exhaust  source  control  and  tunnel  ventila- 
tion augmentation  appear  to  be  either  more  effective  or  more 
economical  pollutant  control  strategies  than  secondary  pro- 
cessing of  vehicular  tunnel  atmospheres.   Projections  of 
exhaust  emissions  under  presently-mandated  standards  and 
source  controls  and  correcting  for  auto  population  age,  in- 
dicates a  reduction  in  average  hydrocarbon  emission  from  660 
ppm  to  156  ppm  in  the  period  1970-1980,  and  a  corresponding 
reduction  in  average  CO  emission  from  25,790  ppm  to  6,120 
ppm.   Thus,  the  problem  of  tunnel  atmosphere  pollution  appears 
to  be  one  of  decreasing  severity,  and  secondary  controls  may 
not  be  reguired. 

2.  Tunnel  ventilation  augmentation  appears  to  be 
economically  and  technically  more  attractive  than  any  secon- 
dary pollution  control  process.   Both  catalytic  oxidation, 
and  carbon  adsorption  control  operations  are  fixed-bed  units 
reguiring  supplemental  blower  head  additions  to  force  air 
through  the  process.   This  creates  the  anomaly  that  tunnel 
ventilation  augmentation  must  be  used  in  conjunction  with 
any  fixed-bed  control  process,  but  the  potential  direct 
ventilation  increase  benefits  are  nullified  by  the  process 
use. 

3.  AmbieHfc   temperature  catalytic  oxidation  appears 
to  be  potentially  the  most  attractive  secondary  control  pro- 
cess.  Further  development  is  reguired  to  assess  its  capa- 
bility for  CO  and  hydrocarbon  removal  at  the  low  concentrations 
existing  in   tunnel  air,  and  to  yield  more  complete  data  for 
desi  gn. 

4.  Spray  scrubbing  has  apparent  application  to  the 
control  of  gross  tunnel  exhaust  emissions,  and  if  localized 
control  is  necessary  or  desirable,  further  study  of  the  full 
capability  of  this  operation  should  be  undertaken.   This  and 
other  wet  scrubbing  methods  are  not  suitable  for  in-tunnel 

use  because  of  the  accompanying  gas  saturation  and  the  result- 
ant in-tunnel  fog  possibilities. 

5.  Investigation  of  conventional  electrostatic 
precipitation  for  the  removal  of  the  particulates  from  tunnel 
air  showed  this  process  to  be  of  doubtful  feasibility  because 
of  the  extremely  low  particle  concentration.   Further,  cost 
studies  showed  it  to  be  the  most  expensive  control  method  of 
those  reviewed. 
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6.   A  study  of  recycle  operations  shows  that  any 
degree  of  processed  air  recycle  around  the  tunnel  or  any  part 
of  the  tunnel  will  yield  higher  in-tunnel  pollutant  concen- 
tration levels  than  would  be  the  case  for  once-through  air 
ventilation.   However,  the  injection  of  fresh  air  into  a 
tunnel  by  the  piston  effect  could  compensate  for  the  build- 
up of  pollutants. 


Selection  of  Control  Techniques  to  be  Evaluated 
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The  constraints  imposed  by  a  tunnel  atmosphere 
dictates  and  limits  the  types  of  purification  processes  which 
can  be  used.   These  constraints  include: 

1.  Relatively  low  ambient  temperature 

2.  Relatively  low  pollutant  concentration 
levels 

3.  High  throughput  rates 

4.  Low  exit  concentrations. 

Additonal  constraints  are  imposed  depending  upon  whether 
the  tunnel  atmosphere  is  to  be  recycled  (either  completely 
or  in  a  compartmentalized  fashion)  or  merely  exhausted  to  the 
atmosphere.   In  recycle,  consideration  must  be  given  to 
cooling,  CO2  removal,  water  removal  and  perhaps  oxygen  make-up 
These  constraints  are  not  imposed  where  the  air  is  to  be  puri- 
fied prior  to  exhaust  to  the  atmosphere. 

On  the  basis  of  recommendations  for  allowable  im- 
purity limits  in  tunnels  along  with  the  current  Environmental 
Protection  Agency  national  air  quality  standards,  removal 
systems  for  the  following  pollutants  must  be  considered: 


1. 

CO 

2. 

H-C 

3. 

N0-N02 

4. 

Particulates 
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The  EPA  has  also  established  limits  for  SO2  and  photochemical 
oxidants,  but  these  do  not  appear  to  be  problems  in  vehicular 
tunnels  based  on  measurements  which  have  been  made. 
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Oxi  des  of  Nj trogen  -  As  stated  earlier,  activated 
carbon  will  remove  NTTjT   However,  it  is  ineffective  for  removal 
of  NO,  which  accounts  for  ^80%  of  the  total  oxides  of  nitrogen 
emitted  from  auto  exhaust.   Thermodynami cally ,  the  conversion 
of  NO  into  O2  and  N2  is  favorable,  but  no  catalysts  have  been 
found  which  will  effect  this  decomposition  at  reasonable 
rates  or  temperatures.   Unfortunately,  catalytic  removal  of 
N0X  from  gas  streams  requires  a  reducing  atmosphere,  a  con- 
dition which  does  not  exist  in  polluted  tunnel  air.   Conversely, 
proprietary  information  exists  which  indicates  that  M0  can  be 
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Parti culates 


Typical  means  of  removal  of  par- 
ticulates from  gas  streams  include  mechanical  separators  such 
as  cyclones,  wet  collectors,  electrostatic  precipitation  and 
filtration.   The  efficiency  of  each  of  these  methods  depends 
upon  such  factors  as  particle  size,  density,  concentration 
and  electrical  resistivity  as  well  as  moisture  content  of  the 
gas  and  physio-chemical  characteristics  of  the  gas.   Cyclone 
separators  are  not  particularly  efficient  for  the  size  range 
(<1  y  to  5  y)  of  particles  in  tunnels  and  in  general  require 
large  energy  inputs  with  attendent  high  pressure  drops.   With 
the  present  state-of-the-art  of  wet  collectors,  efficiencies 
at  the  anticipated  particulate  levels  and  particle  sizes  in 
tunnels  would  likely  be  quite  low.   Electrostatic  precipi- 
tation and  filtration  may  be  apolicable  to  the  problem.   How- 
ever, since  manufacturer's  data  are  available  for  these  types 
of  particulate  removal  systems  as  well  as  for  wet  scrubbing 
systems,  it  was  decided  that  no  laboratory  work  on  particulate 
removal  would  be  performed. 

Purification  Test  System 

3 
Figure  31  is  a  schematic  diagram  of  a  4300  ft 

chamber  at  MSAR.   The  chamber  is  leak-tight  and  is  made  of 

carbon  steel  with  the  inside  walls  coated  with  aluminum  paint. 

The  chamber  is  fitted  with  an  air  blower  with  a  capacity  of 

80  cfm.   Minor  modification  to  the  chamber  included  installation 

of  an  inlet  port  for  injection  of  auto  exhaust. 

Major  modifications  to  the  chamber  involved  in- 
stallation of  monitoring  equi pment, test  beds  and  a  gas  stream 
heater  (Fig.  31).   The  monitors  which  were  used  included: 
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Temperature 
Pressure 
Relative  humidity 

(4)  Carbon  monoxide 

(5)  Total  hydrocarbons 


(§)  Carbon  dioxide 

(7)  Oxygen 

(8)  Particulates 

(9)  Nitrogen  oxides 
Q)  Air  sample  for  GC 


®®O®0(5> 


Flow   Meter 


Heater 


Bed    I 


©- 


-Bed    II 


^)©0®®©® 


©©®®®®®s>- 


©  ©  © 


Test    Chamber    -    4300   ft3 


r^—   Exhaust    Inlet 


FIGURE    31    -    AUTOMOTIVE    EXHAUST    PURIFICATION   TEST    CHAMBER 
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Impuri  ty 

CO 
Total  H-C 

C02 

°2 
H2.O 


Instrument 


MSA  Lira  Model  200  (IR) 

MSA  Total  H-C  Analyzer 

MSA  Lira  Model  200 
Biomarine  0M-300  Analyzer 
Motometer  RH  Indicator 


Range 


Particulates  Royco  Model  200  PC 


NO-NO, 


Wet  chemical;  Saltzman 
Method 


0-300;  0-500  ppm 
Ful 1  Seal e 

0-5;  0-15;  0-3D; 
0-60  ppm 

0-0.5% 

0-100°/ 

0-100% 

0-54  u  to  5.0  u; 

100  particles/cc 

0.01-10  ppm 


A  fan  was  installed  inside  the  chamber  to  assure  rapid  mixing 
of  the  contaminated  gas.   In  most  runs,  the  auto  exhaust  was 
provided  by  a  1963  Chevrolet  Impala  with  103,000  miles  on  it; 
the  source  of  auto  exhaust  for  the  first  two  runs  was  a  1967 
Chevelle  with  33,000  miles  on  it. 

A  typical  run  was  as  follows: 

1.  Run  automobile  engine  for  1.5  min;  car 

in  drive;  accelerator  slightly  depressed; 
brakes  on. 

2.  Circulate  contaminated  air  for  5  min  to 
assure  complete  mixing  within  the  chamber. 

3.  Turn  on  blower  and  set  to  desired  flow 
rate. 

4.  Collect  monitor  readings  at  various  in- 
tervals depending  upon  the  type  of 
removal  system  and  rate  of  removal. 

The  first  run  was  a  blank  run  to  determine  whether  the  test 
chamber  and  associated  equipment  resulted  in  change  in  con- 
centration of  any  of  the  contaminants  during  circulation 
without  any  purification  system  on  line.   The  results  in- 
dicated no  change  in  concentration  with  time  except  for  the 
particulates. 

Table  35  is  a  summary  of  the  runs  which  were  made. 
Results  of  each  run  are  discussed  in  the  following  subsections 

Run  No.  1  -  Blank 

Run  No.  1  was  a  blank  run  although  a  fiber  glass  mat 
was  placed  in  one  of  the  purification  canisters  to  provide  a 
pressure  drop  across  the  system.   The  vehicle  used  for  the 
pollutant  source  was  a  1967  Chevelle  and  was  run  at  idle  for 
5  min.   Small  differences  can  be  seen  in  the  CO  inlet  (300 
ppm)  versus  the  CO  outlet  (285  ppm)  and  the  HC  inlet  (78  ppm) 
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TABLE    35    -    SUMMARY    OF    PURIFICATION    SYSTEMS 


Run     Type  of 

Bed 
Wt. 
lbs 

Bed 

Temp. 

°F 

Space 

Velocity 

hr-' 

Res  1  dence 
Time 
sec. 

Flow 
CFM 

Pres.s  , 
Drop  1n 
Water 

Vehicle 

Run  Time 

Mln. 

CO 
ppm 

H-C 
ppm 

NO 
oom 

HO  2 
oom 

CO, 

y 

No-      Purification 

lii 

Out 

(n 

Out 

In 

Out 

In 

Out 

In 

Out 

RH 

1       Blank 

HA 

HA 

HA 

NA 

82 

3.3 

5 

300 

285 

78 

61 

0.051 

0.048 

0.029 

0.011 

0.10 

0.10 

85 

Hopcal 1 te 
2       (Cold) 

12.0 

92 

17,100 

0.21 

84 

3.6 

2.5 

280 

215 

■1"! 

41 

0.14 

0.006 

0.069 

0.08 

0.12 

0.12 

52 

12.0 

92 

12,100 

0.30 

60 

2.0 

... 

205 

190 

41 

41 

0.04 

0.02 

0.10 

0.12 

0.12 

0.12 

52 

Ac  tt  vated 
3      Carbon 

8.0 

92 

17,100 

0.21 

84 

3.0 

2.5 

300  + 

300  + 

84 

22 

4.03 

4.47 

1.38 

0 

0.24 

0.24 

90 

8.0 

92 

4,100 

0.88 

20 

3.0 



300  + 

300  + 

60 

20 

3.16 

3.68 

1.05 

0 

0.23 

0.23 

90 

8.0 

92 

8,200 

0.44 

40 

--- 

... 

300  + 

300  + 

60 

20 









0.23 

0.23 

90 

4       Purafll 

12.0 

90 

17,100 

0.21 

84 

2.0 

1.5 

357 

320 

56 

47 

0.93 

0.30 

0.44 

1.26 

0.11 

0.11 

85 

12.0 

93 

8,500 

0.42 

42 

0.5 

... 

320 

320 

48 

38 

0.26 

0.10 

0.63 

0.57 

0.11 

0.11 

85 

20  hr  total 

12.0 

95 

17,100 

0.21 

84 

2.0 

... 

270 

270 

25 

24 

0.00 

0.00 

0.018 

0.018 

0.10 

0.10 

85 

Hopcal 1 te 
(Hot) 

1  .0 

95 

9,500 

0.04 

38 

18.2 

1.5 

287 

230 

til 

53 

1  .55 

0.89 

0.14 

2.49 

0.13 

0.13 

65 

1.0 

96 

4,700 

0.08 

19 

8.8 



235 

223 

59 

55 









0.13 

-.13 

64 

700  watts 
Input 

1.0 

175 

4,700 

0.08 

19 

10.7 



220 

30 

O'l 

38 

1.43 

0.15 

0.30 

0.66 

-.13 

0.16 

63 

1650  watts 
Input 

1.0 

240 

4,700 

0.08 

19 

12.0 

... 

117 

3 

50 

29 

1  .48 

0.69 

0.44 

0.22 

0.14 

0.16 

61 

Hopca 1 i  te 
6       Silica  gel 

2.0 
1.0 

90 

4,700 

0.08 

19 

11.9 

1  .5 

500 

480 

61 

61 

0.56 

0.52 

0.12 

0.23 

0.09 

0.08 

89 

Hopcal i  te 

0.25 

167 

18,800 

0.02 

20 

3.6 

1.5 

203 

147 

50 

47 









0.10 

0.10 

86 

1635  watts 

275 

18,800 

0.02 

20 

6.0 

147 

20 

43 

30 

0.91 

l.Ot 

0.20 

0.02 

0.11 

0.12 

life 

7        1635  watts 

227 

28,200 

0.015 

30 

6.1 

141 

63 

4  2 

36 









o.ll 

0.12 

8b 

2620  watts 

260 

28.200 

0.015 

30 

6.4 

124 

38 

31 

29 

0.99 

1  .09 

0.15 

0.03 

0.11 

0.12 

85 

1080  watts 

276 

9,400 

0.04 

10 

1.8 

102 

8 

38 

24 

0.89 

0.61 

0.13 

0.02 

0.10 

0.11 

84 

Parti  cula te 
Filter 
8        65%  effi- 
ciency 

Resu 

ts  void; 

face  vel 

>dty 

too  h1g 

Particulate 
Filter 

99.5% 

ef  f  1  dency 

Res 

ilts  void 

face  ve 

oclt) 

too  hi 

Jh 

60%  Mn02  + 
..        40%  CuO 

750  watts 

1 

86 

2,350 

0.16 

10 

3.3 

1.5 

349 

346 

53 

53 

0.39 

0.51 

0.04 

0.06 

0.11 

0.11 

201 

2.?50 

0.16 

10 

4.0 

i2!L 

?97 

52 

5? 

0.41 

0.89 

0.03 

0.00 

0.12 

0.12 

1700  watts 

247 

2,350 

0.16 

10 

4.4 

325 

297 

S3 

52 

0.47 

0.94 

0.02 

0.00 

0.12 

0.12 

Charcoal  + 

1 

94 

11  ,750 

0.03 

50 

5.6 

487 

474 
4"67J 

50 

23 
70" 

0.36 

0.22 
0.22 

0.14 

0.04 

0.10 

0.10 

Hopcal 1 te 

0.11 

0.10 

750  watts 

134 

11  ,750 

0.03 

50 

5.6 

4  36 

426 
4T4" 

2  0 

18 
T7 

.... 







0.10 

0.10 

0.10 

1 1        2620  watts 

265 

11,750 

0.03 

50 

5.9 

356 

351 
T37 

23 

17 
T7 









0.10 

0.10 

0.12 

2620  watts 

261 

4,700 

0.08 

20 

2.0 

318 

318 
-*TJ- 

22 

17 
TE" 









0.10 

0.10 

0.12 

2700  watts 

311 

2,350 

0.16 

10 

2.0 

293 

293 
T7" 

2? 

15 
TT 

0.16 

0.10 
0.22 

0.08 

0.00 

0.10 

0.10 

0.02 

Charcoal  + 
Moisture 
Tolerant 
Hopcal 1 te 

12        1700  watts 

1100  watts 

600  watts 

1 
2 

93 

4,700 

0.08 

20 

2.6 

1.5 

445 

445 
T59 

48 

23 
23 

0.52 

0.28 

o.n 

0.09 

0.00 

0.1 

0.1 

o"7T 

68 

0.41 

280 

4,700 

0.08 

20 

2.9 

400 

395 
0 

4  0 

23 
77 

0.33 

0.21 

0,62 

0.09 

0.00 

0.10 

0.10 

6.61 

0.14 

240 

4,700 

0.08 

20 

3.9 

290 

290 
0 

32 

21 

70" 









0.12 

0.12 

071 4 

185 

4,700 

0.08 

20 

3.2 

248 

248 
8 

31 

21 

76" 

0.20 

0.13 
0.03 

0.04 

0.00 

0.12 

0.12 

O.o2 

0.14 
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versus  the  HC  outlet  (61  ppm).   This  could  be  attributed  to 
physical  sorption  on  the  fiber  glass  mat.   A  slight  reduction 
in  NO  and  a  large  reduction  in  NO?  concentration  was  also 
noted,  but  problems  existed  with  the  NO-NO2  analyses  at  that 
time,  so  these  differences  may  not  be  real.   The  difference 
in  the  concentration  of  particulates  greater  than  1  micron, 
550/cc  versus  60/cc  was  probably  due  to  the  filtration  effect 
of  the  fiber  glass  mat. 

Run  No.  2  -  Cold  Hopcalite 
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Run  No.  3  -  Activated  Carbon 
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Light  Hydrocarbons 


Chromatograph  Hewlett  Packard  Model  5750 
dual  column. 

Columns  -  6*  x  1/0"  stainless  steel 
10%  UC-W98 

Carrier  gas  -  Helium  40  cc/mln 

Temperature  -  30°C  temp,  program  to  230*C 
at  20°C/min 

Sample  -  ^230  cc  of  air.  Hydrocarbons 

trapped  on  12"  x  1/0"  stainless 
steel  pre-column  at  -197°C 
packed  with  45-60  mesh 
Chromosorb  P 

Detectors  -  Flame  Ionization 


Light  Hydrocarbons 


Start  temperature  program 
(Room  temp,  to  230°C) 


IL 


-*A- 


Start  temperature  program 
Sample  Upstream  of  Carbon  Bed 


FIGURE  32 


Sample  Downstream  of  Carbon  Bed 
REMOVAL  OF  HYDROCARBONS  BY  ACTIVATED  CARBON 
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Run  No.  4  -  Purafil 
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Purafil  acts  as  a  chemisorbent  using  KMn04  on  a  -sub 
activated  alumina.  Purafil  had  no  effect  on  the  CO 
ion  but  did  reduce  part  of  the  hydrocarbon  fraction 

NO.   At  a  space  velocity  of  17,100  hr"1  (RT  =  0.21 
carbons  were  reduced  by  18%  and  NO  was  reduced  by 

space  velocity  of  8,500  hr""1  (RT  =  0.42  sec) 
ns  were  reduced  by  21%  and  MO  was  reduced  by  61%. 

was  allowed  to  run  overnight  and  the  following 
fter  a  total  run  time  of  20  hrs,  the  NO  concen- 
d  been  reduced  to  zero  and  the  NO^  concentration 
o  0.018.   After  20  hrs  of  operation,  the  Purafil 
pear  to  be  removing  any  hydrocarbons,  indicating 

hydrocarbons  which  are  reactive  with  Purafil  had 
ed.   Total  reduction  in  hydrocarbon  content  was 


Run  No.  5  -  Hot  Hopcalite 
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Run  No.  6  -  Silica  Gel -Hopcal i te 

In  this  run,  a  silica  gel  bed  was  installed  upstream 
of  the  Hopcalite  bed  in  hopes  that  Hopcalite  would  be  effec- 
tive at  ambient  temperature  if  the  stream  were  free  of  moisture 
No  significant  improvement  was  noted  in  the  removal  of  CO,  HC 
or  NO/NO2.   More  effective  drying  agents  might  be  considered, 
but  for  a  system  to  be  economical,  the  dryer  must  be  regen- 
erable.   Those  dryers  which  can  be  used  only  once  and  then 
discarded  would  increase  both  the  replacement  and  maintenance 
costs.   Of  course,  these  costs  have  to  be  weighed  against  the 
cost  of  heating  the  air  stream  to  ^225°F,  in  the  case  of 
Hopcalite. 
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Run  No.  7  -  Hopcalite 

This  run  was  made  with  a  0.25  pound  Hopcalite  bed 
as  opposed  to  the  1.0  pound  beds  used  in  earlier  runs.   At 
identical  flow  rates,  the  residence  time  was  reduced  by  a 
factor  of  4  while  the  space  velocity  was  increased  by  a  factor 
of  4.   At  a  space  velocity  of  4,700  hr-1  and  a  residence  time 
of  0.08  seconds  used  in  earlier  runs,  the  exit  concentration 
CO  was  <1.5%  (3  ppm)  of  the  inlet  concentration  (117  ppm); 
this  was  accomplished  at  a  temperature  of  240°F.   In  this  run, 
with  a  lower  residence  time  and  a  hiqher  space  velocity,  the 
CO  was  reduced  by  only  86%. 

Runs  8  and  9  -  Filter  Media 


These  two  runs  were  made  with  particulate  filter 
media  with  efficiencies  of  67%  and  99%  for  0.3  micron  particles 
The  results  from  these  two  runs  were  considered  unreliable  be- 
cause of  the  high  face  velocity  at  the  filter,  and  the  face 
velocity  could  not  be  reduced  due  to  the  performance  charac- 
teristics of  the  air  blower.   Therefore,  manufacturers  data 
will  have  to  be  used  for  prediction  of  filter  performance. 
Inquiries  were  sent  to  manufacturers  of  electrostatic  pre- 
cipitators, also. 

Run  No.  10  -  MnQ?-CuQ 

This  run  was  made  using  an  admixture  of  60%  MnO 
and  40%  CuO  as  described  by  Cannon  and  Welling.   The  two 
materials  were  mixed,  about  10%  water  was  added  and  the 
moist  mix  was  pressed  into  a  solid  cake.   The  cake  was  dried 
and  then  sieved  to  4-8  mesh  granule  size.   The  test  showed 
little  activity  of  the  catalyst  for  CO. 


Run  No.  11  -  Charcoal  Plus  Hopcalite 
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Run  No.  12  -  Charcoal  Plus  Moisture  Tolerant  Hopcalite 

This  run  was  made  with  moisture  tolerant  Hopcalite 
since  it  is  less  susceptible  to  powdering  than  standard 
Hopcalite,  thus  providing  a  lower  pressure  drop  across  the 
system.   Information  was  acquired  during  this  run  on  the  effect 
of  temperature  on  CO  removal  and  the  results  are  shown  in 
Figure  33.   These  results  indicate  that  at  a  space  velocity 
of  9400  hr"l,  a  residence  time  of  0.04  sec  and  a  temperature 
of  225°F,  complete  removal  of  CO  can  be  expected. 


Purification  Systems  for  Tunnels 
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First,  ambient  temperature  catalytic  oxidation 
proved  to  be  an  unattainable  goal.   The  laboratory  studies 
indicated  that  a  temperature  of  ^225°F  would  be  required 
for  oxidation  of  CO  using  the  best  commercially  available 
catalyst.   As  a  result  of  this  temperature  requirement,  an 
engineering  design  estimate  of  size  and  heat  requirements 
for  a  200,000  cfm  unit  with  a  regenerative  heat  exchanger 
was  made.   The  results  were  as  follows: 

Heat  requirements  -  1.63x10^  Btu/hr 
No.  of  plates  in  heat  exchanger  -  200 
Size  of  plates  -  80  ft  x  20  ft 
Spacing  between  plates  -  1/8  in. 
Velocity  through  plates  -  22  ft/sec 
AP  across  heat  exchanger  -  4.7  in.  H2O 

The  second  comment  concerns  the  use  of  electrostatic 
precipitators  to  remove  particulates.   Inquiries  were  sent  to 
a  number  of  manufacturers  of  electrostatic  precipitation  units 
requesting  performance  characteristics  and  price.   In  regard 
to  performance  characteristics,  the  answers  varied  from  -  "it 
cannot  be  done  by  electrostatic  precipitation"  to  "our  units 
will  reduce  the  particulate  loading  from  5  mg/m3  down  to 
0.1  mg/m3.   Prices  ranged  from  ^$81,000  for  a  50,000  cfm  unit 
and  $164,000  for  a  250,000  cfm  unit  to  $1,000,000  plus  for  a 
250,000  cfm  unit. 
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M0X  and  hydrocarbons  -  activated  carbon 


The  electrostatic  precipitator  would  be  periodically  cleaned 
by  back  washing;  this  could  be  done  during  an  off-peak  time. 
Activated  carbon  would  require  periodic  regeneration  with 
steam.   The  catalyst  should  have  a  lifetime  of  several  years  if 
properly  protected  from  particulate  contaminant,  particularly 
lead.   The  electrostatic  precipitator  upstream  of  the  catalyst 
bed  should  provide  this  protection. 

The  question  arises  as  to  the  anticipated  lifetimes 
of  all  the  purification  system  components,  as  well  as  the  re- 
generation frequency  and  maintenance  requirements.   These 
questions  cannot  be  answered  at  this  time.   It  is  recommended 
that  a  small  scale  (perhaps  5000  cfm)  system  be  fabricated 
and  tested  under  actual  tunnel  conditions.   The  information 
acquired  from  such  tests  would  reveal  not  only  the  removal 
efficiency  of  the  system  but  also  the  lifetime  of  the  com- 
ponents and  the  required  maintenance  and  regeneration  fre- 
quency. 
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TUNNEL  INSTRUMENTATION 
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present  emphasis  on  air  quality  and  monitoring 
pollutants  has  accelerated  the  development  of 
n  capable  of  continuous  monitoring  of  low  level 
the  atmosphere.   Many  of  these  instruments  have 
ical,  chemical  and  physical  analytical  techniques 
boratories  with  automated  industrial  process 
n.   The  resulting  array  of  available  instru- 

the  gamut  of  sophisticated  computerized  mass 
to  simple  rugged  temperature  indicators.   The 
of  these  instruments  in  monitoring  the  air 
icular  tunnels  must  be  considered  within  the 
traints : 


adequate  sensitivity  and  specific 
response  to  the  pollutants  of  interest, 

2.  operation  and  maintenance  requirements, 

3.  capabilities  of  operating  and  maintenance 
personnel , 

4.  real-time  data  output, 

5.  reliable  and  reproducible  operation. 

Table  36  summarizes  the  types  of  instrumentation 
which  are  currently  available  for  monitoring  vehicular  ex- 
haust impurities.   This  table  shows  the  principle  of  operation 
along  with  approximate  cost  ranges  for  each  type  of  monitoring 
system. 

Carbon  Monoxide 

Two  general  types  of  instruments  are  available  for 
continuous  monitoring  of  CO.   These  are  the  Hopcalite  type 
and  the  non-dispersive  infrared  type  of  instrument.   In 
general,  the  Hopcalite  type  has  been  used  almost  exclusively 
in  tunnel  monitoring  applications.   This  instrument  is  rugged, 
inexpensive,  simple  and  requires  very  little  maintenance.   The 
non-dispersive  infrared  type  of  instrument  is  more  expensive 
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and  does  require  a  more  sophisticated  type  of  maintenance 
program.   However,  the  NDIR  instrument  has  faster  rise  and 
response  time  characteristics: 

Initial 
Rise         Response 
Time  (sec)      Time  (sec) 

Hopcalite  100  20 

NDIR  10  3 

Furthermore,  the  NDIR  instrument  has  lower  sensitivity  (2  ppm 
±  2  ppm)  compared  to  the  Hopcalite  instrument  (10  ppm  ±  5  ppm). 
Either  instrument  can  be  used  to  automatically  control  venti- 
lation rates  by  feeding  the  signal  output  to  an  automatic 
fan  control  system. 

For  general  monitoring  of  tunnel  atmospheres,  adopt- 
ing a  manned  tunnel  limit  of  75  ppm  and  an  unmanned  tunnel 
limit  of  500  ppm,  the  Hopcalite  system  should  continue  to 
satisfy  the  monitoring  requirements.   If  in-tunnel  purification 
is  required,  where  the  CO  outlet  from  the  purification  system 
must  be  at  or  near  zero,  then  the  NDIR  system  should  be  used 
due  to  its  lower  limit  of  detection.   The  same  reasoning  holds 
true  for  the  case  of  purifying  the  tunnel  exhaust  air  where 
the  outlet  concentration  set  by  EPA  is  less  than  10  ppm  CO. 

Smoke  or  Haze 

Smoke  or  haze  in  tunnels  is  a  nuisance  factor  and 
with  the  increased  use  of  diesel  powered  trucks  and  buses 
smoke  has  become  a  problem  in  tunnels.   Because  the  CO/smoke 
ratio  is  different  in  gasoline  powered  vehicles  versus  diesel 
powered  vehicles,  no  correlation  can  be  made  between  the  two 
contaminants.   In  conversations  with  control  room  operators 
at  the  tunnels  which  were  visited,  these  personnel  have 
learned  to  anticipate  the  increase  in  diesel  traffic  and  the 
concommi ttant  increase  in  smoke  level  and  therefore  increase 
the  ventilation  rate  regardless  of  the  CO  monitor  readings. 
An  outstanding  example  of  this  1s  the  evening  rush  hour 
diesel  bus  traffic  from  New  York  City. 

No  tunnels  in  the  U.S.  have  installed  smoke  meters, 
but  a  few  in  Europe  have(^)  installed  such  Instruments. 
Since  there  is  essentially  no  information  available  on  the 
performance  of  smoke  meters  1n  tunnels,  no  recommendations 
can  be  made  on  an  acceptable  smoke  monitoring  system.   It 
is  recommended  that  typical  instruments  be  evaluated  in  a 
tunnel  environment  to  determine  the  applicability  of  these 
instruments  for  monitoring  smoke  in  tunnels  and  to  determine 
the  effects  of  the  tunnel  environment  (fog,  oil  mist,  par- 
ticulates) on  the  performance  characteristics  and  maintenance 
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requirements  for  such  instruments. 
Other  Monitors 


Nitrogen  Oxides  -  Simple,  reliable  monitors  for 
oxides  of  nitrogen  at  the  levels  anticipated  have  been  de- 
veloped recently.   Most  of  the  monitors  currently  on  the  mar- 
ket use  a  gas  phase  chemiluminescent  reaction  principle. 
Typical  ranges  for  these  instruments  are  0-0. 02  ppm,  0-0,2 
ppm  and  0-2  ppm.   These  are  ranges  which  would  be  applicable 
for  monitoring  N0X  in  vehicular  tunnels,   Some  models  can 
differentiate  between  the  NO  and  NO2  content  of  the  atmos- 
phere. 

Total  Al dehydes  -  Aldehyde  monitors  currently  on 
the  market  are  based  on  wet  chemical  techniques  requiring 
chemical  reactants  to  be  used  in  the  instrument.   Although 
the  instruments  are  automated  frequent  replacement  of  the 
reactants  is  required.   Furthermore,  current  models  are  not 
specific  for  formaldehyde  which  accounts  for  the  major 
fraction  of  aldehyde  emissions  from  auto  exhaust.   The  EPA 
is  funding  work  on  a  formaldehyde  monitor  and  an  acceptable 
instrument  may  be  available  in  the  future. 

Carbon  Dioxide  and  Oxygen  -  Monitors  for  these 
constituents  need  only  be  considered  if  recycling  of  the 
tunnel  atmosphere  is  used  instead  of  ventilation.   Carbon 
dioxide  can  be  reliably  measured  using  NDIR  which  is  specific 
for  CO2.   Oxygen  monitors  generally  are  based  on  the  para- 
magnetic characteristics  of  O2.   Instruments  are  commercially 
available  which  are  specific  for  03,  rugged  and  require  little 
maintenance. 

Recommendations  for  Tunnel  Instrumentation 

It  is  recommended  that  measurement  of  CO  in  tunnels 
be  continued  on  a  routine  basis.   For  both  manned  and  unmanned 
tunnels,  the  Hopcal i te-type  device  should  serve  as  a  reliable 
means  of  monitoring  CO  concentration.   In  the  case  of  auto- 
matic control  of  tunnel  ventilation  equipment,  the  NDIR  or 
Hopcalite  instrument  can  be  used  to  control  ventilation  rates. 
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If  the  tunnel  air  is  to  be  recycled,  the  NDIR  type  of 
instrument  should  be  used  since  a  lower  level  of  detection 
can  be  attained  and  the  response  time  is  better. 

Monitors  for  smoke  or  haze  should  be  installed  in 
tunnels,  particularly  those  subjected  to  heavy  diesel  traffic. 
At  the  present  time  no  recommendations  can  be  made  on  the 
specific  type  of  instrument  which  should  be  used.   Specific 
types  of  instruments  should  be  tested  under  actual  tunnel 
conditions  with  the  objective  being  to  select  an  optimum 
type  of  instrument. 
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CONCLUSIONS 


As  a  result  of  this  study  on  vehicular  tunnel 
ventilation  and  air  pollution  treatment,  the  following 
conclusions  have  been  made: 

1.  The  major  impurities  in  tunnels  with 
respect  to  safety  and  comfort  level 
are  CO,  N0X,  HC  and  particulates.   CO 
levels  may  run  as  high  as  350  ppm 
during  rush  hour  traffic.   N0X  and  HC, 
particularly  partially  oxidized  HC,  are 
generally  in  the  few  ppm  range,  a  level 
high  enough  to  cause  eye  irritation  and 
odor.   Particulates  have  been  found  at 
the  2-5  mg/m^  level  which  causes  a  re- 
duction in  visibility.   Other  impurities 
are  present  in  tunnels  but  these  are 
present  at  levels  which  are  not  harmful 
or  irritating  to  the  tunnel  worker  or 
transient.   Lead  and  cadmium,  two  air 
contaminants  which  are  of  current  con- 
cern with  respect  to  public  health  and 
welfare,  are  orders  of  magnitude  below 
the  standard  Threshold  Limit  Values. 

2.  Concentrations  of  various  impurities 

as  a  function  of  vehicle  velocity,  type 
of  vehicle,  road  gradient,  ventilation 
rate  and  so  on  can  be  predicted  by  a 
computer  model  developed  under  this 
program.   A  copy  of  the  program  on 
punched  paper  tape  has  been  delivered 
to  DOT.   The  information  derived  from 
the  model  can  be  used  to  estimate 
ventilation  requirements  and  to  indi- 
cate optimized  locations  for  tunnel 
impurity  monitors. 

3.  Recommended  limits  for  comfort  and 
safety  levels  for  CO,  N0X,  HC  and 
particulates  have  been  set  as  a  result 
of  this  study.   These  limits  have  been 
catagorized  according  to  safety  levels 
for  manned  and  unmanned  tunnels  as  well 
as  comfort  levels  for  unmanned  tunnels. 
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Manned 

Unmanned 

Tunnel s 

Pollutant 

Tunnel s 

Safety  Level 

Comfort  Level 

CO 

75  ppm 

500  ppm 

1000  ppm 

NO 

37.5  ppm 

37.5  ppm 

25  ppm 

N02 
HCRO 

10  ppm 

5  ppm 

1  ppm 

6  ppm 

6  ppm 

N.R.  U) 

Particulates 

10  rag/m*5 

1 0  mg/m~ 

(1)   N.R.  -  No  recommendation  due  to  insufficient 
information. 


The  levels  which 
quite  frequently 
tunnels. 


have  been  selected  are 
exceeded  in  manned 


A  review  of  the  literature  indicates 
that  the  technology  exists  to  purify 
tunnel  air  either  on  a  recycle  basis 
or  on  a  ventilation  exhaust  stack  gas 
basis.   Recommended  methods  include: 


CO  - 


Catalytic  combustion  with  Hopcalite 
at  250°F. 

Conversion  of  NO  to  NO? 
oxidation.   Sorption  of 
activated  charcoal. 
Activated  carbon. 
Particulates  -  Electrostatic  precipi- 
tation. 
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As  has  been  done  in  the  past,  CO  should 
be  continuously  monitored  and  used  as  an 
indicator  for  ventilation  rates.   Con- 
sideration should  be  given  to  the  use 
of  non-dispersive  infrared  CO  monitors 
rather  than  the  Hopcal i te-type  monitors 
because  of  the  faster  response  and  rise 
time  of  this  type  of  instrument.   In 
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addition  to  CO,  smoke  or  haze  should 
be  monitored,  also,  particularly  in 
those  tunnels  which  have  a  heavy  con- 
centration of  diesel  traffic.   Instru- 
mentation would  also  be  required  if 
purification  systems  are  used  to  assure 
that  the  various  components  of  the 
system  are  functioning  properly. 

We  believe  there  are  three  areas  which  require 
additional  study: 

1.  Various  smoke  meters  should  be  tested 
under  actual  tunnel  conditions  to 
establish  the  reliability  of  such 
instrumental  on. 

2.  A  prototype  purification  system  should 
be  tested  under  actual  tunnel  conditions 
to  establish  lifetime  of  the  components 
and  maintenance  and  replacement  frequency. 

3.  Study  of  air  recirculation  at  portals 
should  be  done  to  determine  the  extent 

of  and  means  for  minimizing  or  preventinq 
reci  rculati  on. 
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I.   INTRODUCTION 


This  report  represents  a  culmination  of  the 
efforts  expended  by  Industrial  Health  Foundation's  (IHF) 
staff  personnel  and  science  advisors  in  eliciting  the 
physiological  effects  of  atmospheric  contaminants  generated 
by  vehicular  traffic  whether  alone  or  in  synergism  and  the 
relation  of  those  effects  with  time-concentration  exposures. 

Wherever  possible,  criteria  are  developed  for 
recommending  desirable  time-concentration  limits  along  with 
the  reasoning  behind  such  criteria. 


The  bases 
limited  to,  effects 
tunnel  employees. 


are  directed  toward,  but  not  necessarily 
on  vehicular  tunnel  transient  users  and 


II.   WORK  STATEMENT 

The  work  statement  as  described  in  the  subject 
subcontract  is  quoted  below: 

A.   Using  its  best  efforts  within  the  time  and 
funds  allotted,  based  on  information  provided  by  the  Con- 
tractor, the  Subcontractor  will  classify  each  impurity  gen- 
erated by  vehicular  traffic  into  a  category  which  will 
identify  the  effect  of  each  impurity  upon  the  various  tunnel 
users,  i.e.,  transients  as  well  as  maintenance  personnel. 
For  each,  the  degree  of  toxicity,  irritation   and  visibility 
reduction  shall  be  established  with  consideration  of  concen- 
tration levels  and  exposure  times.   An  attempt  will  be  made 
to  rate  odors  in  a  relative  basis.   Typical  impurities  will 
include  but  not  be  limited  to: 


1.  CO 

2.  C02 

3.  NO? 

4.  Other  oxides 

5.  Sulfates 

6.  Nitrates 

7.  S02 


of  nitrogen 


8.  Aliphatic  aldehydes 

9.  Polycyclic  hydrocarbons 

10.  Particulates 

11.  Benzene  soluble  organics 

12.  Lead  and  other  metals 

13.  Gasoline  additives 

14.  Asbestos 


B.   The  Subcontractor  shall  develop  criteria  for 
recommending  desirable  and  allowable  time  concentration  limits 
of  the  pertinent  impurities  for  the  maintenance  of  a  safe  and 
comfortable  tunnel  atmosphere  for  various  conditions  with  due 
consideration  to  operating  personnel  as  well  as  the  traveling 
public.   Reasoning  behind  the  criteria  shall  be  formulated. 
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C.   Consideration  should  be  given  to  the  possible 
synergistic  effects  of  one  impurity  in  the  presence  of  another 
impurity.   The  effect  of  pressure  (sea  level,  5,000  ft  and 
10,000  ft)  shall  be  considered  for  those  contaminants  whose 
pulmonary  behavior  is  dictated  by  pressure. 


III.   TUNNEL  POLLUTANTS 

The  primary  emphasis  in  determining  the  materials 
to  be  studied  in  this  program  is  on  those  vehicular  exhaust, 
blow-by  and  evaporative  products  emanating  from  both  gasoline 
and  diesel  powered  vehicles  reported  to  be  identified  and 
measured  in  vehicular  tunnels. 

The  secondary  but  also  important  consideration  is 
the  full  spectrum  of  exhaust  blow-by  and  evaporative  products 
from  gasoline  and  diesel  motors  whether  in  or  out  of  vehicular 
tunnels. 


(Y! 


There  are  several  references 
bution  to  atmospheric  pollution.   Rossano 
factors  for  gasoline  and  diesel  engines  (in 
gal  Ions)  (Table  1 ) : 


to  ,yehicul ar 


contri - 
listed  the  emission 
pounds  per  thousand 


Pol lutant 

Aldehydes 
Benzo(a)pyrene 
Carbon  monoxide 
Hydrocarbons 
Oxides  of  nitrogen 
Oxides  of  sulfur 
Ammoni  a 
Organic  acids 
Particulates 


TABLE  1 
Emission  Factors 

Gasoline  Engines    Diesel  Engines 


4 

0.3  gm 

2910 

524  (b) 

113 

9 

2 

4 

11 


10 

0.4 

gm 

60 

(a) 

180 

222 

40 

N.A. 

(c) 

31 

110 

(a)  Includes  blow-by  emissions,  but  not  evaporative  losses 

(b)  Includes  128. lb/1000  gal.  blow-by  emissions 

(c)  Not  available 

Rossano's  tabulation  does  not  mention  carbon  dioxide,  nitrogen, 
water  vapor,  oxygen  or  lead  compounds  as  have  been  listed  by 
Goldsmith  and  Rogers(2)  who  presented  the  automobile  exhaust 
products  (Table  2)  as  a  per  cent  of  concentration  with  minimum 
and  maximum  values. 
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TABLE  2 

Automobile  Exhaust  Products 

Per  Cent  of  Concentration  (Vol. /Vol.) 
Constituent  Minimum  Maximum 

Aldehydes  0.0  0.3 

Carbon  monoxide  0.2  12.0 

Hydrocarbons  0.01  2.0 

Oxides  of  nitrogen  0.0  0.4 

Sulfur  dioxide  See  note  1  See  note  1 

Carbon  dioxide  5.0  15.0 

Hydrogen  0.0  4.0 

Lead  compounds  See  note  2  See  note  2 

Nitrogen  78.0  85.0 

Oxygen  0.0  4.0 

Water  vapor  5.0  15.0 

1.  Depends  on  sulfur  content  of  fuel 

2.  Depends  on  lead  additives 

Atkinson  et  al'^)  presented  a  tabulation  (Table  3) 
showing  exhaust  gas  analyses  from  gasoline  and  diesel  engines, 
quoting  from  a  Swiss  report  by  Stahel  et  al ,  in  undiluted 
exhaust. 

TABLE  3 

Exhaust  Gas  Analysis 

Gasoline         Diesel 

Formaldehyde 
Aldehydes 
Carbon  monoxide 
Oxides  of  nitrogen 
Sulfur  dioxide 
Carbon  dioxide 

Caplan'  '  presented  a  gas  chromatographic  analysis 
of  exhaust  gas  hydrocarbons  for  a  specific  engine  operating 
condition  and  fuel,  primarily  to  exhibit  the  complexity  of 
identification  and  potential  effects.   About  sixty  components 
are  listed  with  approximate  concentrations.   Elliott  et  an5) 
showed  a  list  of  constituents  (Table  4)  of  internal  combustion 
engine  exhaust  gases,  divided  into  major  (greater  than  1%) 
and  minor  (less  than  1%)  constituents. 


7 

ppm 

1 1  ppm 

40 

20 

30,000 

200-1000 

600 

400 

60 

200 

132,000 

90,000 
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TABLE  4 

Exhaust  Constituents 

Major  Minor 

Water   •  Oxides  of  sulfur 

CO2  Oxides  of  nitrogen 

N2  Aldehydes 

O2  Organic  acids 

H?  Alcohols 

CO  (a)  Smoke 


CO  (b) 
H2  (b) 


(a)  Spark  ignition  engine 

(b)  Diesel  engine 


A.   Measured  Concentrations  in  Tunnels 

A  compilation  of  contaminants  measured  in  five  tunnels 
was  presented  in  the  first  quarterly  progress  report  of  this 
program  (p.  11)  by  MSA  Research  Corporation.^)   The  list  is 
not  complete  and  any  attempt  to  compare  the  tunnels  is  inappro-      ^ 
priate  since  the  conditions  under  which  the  values  were  obtained 
were  not  comparable.   The  ranges  of  values  measured  for  the         k 
contaminants  are  given  in  Table  5. 

TABLE  5 
Measured  Tunnel  Contaminants 
Contaminant 

CO  54-170  ppm 

N02  0.05-0.43  ppm 

NOv  0.2-1.63  ppm 

Aldehydes  0.05-0.12  ppm 

SO?  0.04-<0.05  ppm 

Total  Particulates  0.424-2.350  mg/m3 

Polycyclic  hydrocarbons 

Pyrene  0.04-1 .20  yg/m3 

Benzo(a)pyrene  0.03-0.69  yg/m3 

Coronene  0.03-0.53  yg/m3 

Benzperylene  0.09-0.99  yq/m3 

Metals 

Lead  9.5-44.5  yg/m3 

Iron  9.5-23.4  yg/m3 

Zinc  2.2  yg/m3 

Cadmium  0.04-0.6  yg/m3 
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Additional  identified  vehicular  tunnel  "pollutants" 
include  carbon  dioxide;  anthanthrene ;  f 1 uoranthene ;  several 


metals  such  as  titanium, 
and  salts.  Although  not 
tants,  mention  should  be 
pollution  whether  or  not 
mented. 


chromium,  vanadium,  nickel;  asbestos 
in  the  inventory  of  "chemical"  pollu- 
made  here  of  noise  and  thermal 
measurements  of  them  have  been  docu- 


B.   Health  Effects 

The  primary  concern  of  the  work  scope  of  this  effort 
is  stated  as  the  classification  of  each  impurity  generated  by 
vehicular  traffic  to  identify  the  effect  of  each  impurity  on 
the  various  tunnel  users  (transient  and  employed). 

There  is  a  wide  variety  of  source  material  and 
information  regarding  health  effects  of  many  of  the  contami- 
nants reported  to  be  found  in  vehicular  tunnels  and  those 
emanating  from  vehicles,  resulting  in  a  variety  of  versions. 
Unfortunately  there  are  many  voids  in  dose-response  data. 
Hence,  not  all  of  the  tunnel  contaminants  can  be  discussed 
with  the  same  degree  of  confidence  regarding  their  health 
effects.   Later  in  this  report  we  will  attempt  to  develop 
time-concentration  effects  for  as  many  of  the  "contaminants" 
as  available  information  will  allow. 

1.   Carbon  Monoxide 

There  are  many  treatises  on  the  subject  of  carbon 
monoxide,  its  health  effects  and  its  control  in  the  literature. 
Sievers  et  al (7a, 8)  stated  that  examination  of  a  group  of  one- 
hundred  fifty-six  Holland  Tunnel  traffic  officers  exposed 
throughout  a  period  of  thirteen  years  to  an  occupational  CO 
exposure  averaging  70  ppm  did  not  reveal  any  evidence  of  in- 
jury to  health  attributable  to  carbon  monoxide.   Their  eight- 
hour  day  was  divided  into  alternating  two-hour  periods  of 
service  at  tunnel  exits  or  plazas  and  in  the  tunnel.   For 
those  who  were  non-smokers,  data  indicated  that  on  the  average 
1.71  per  cent  of  their  hemoglobin  was  combined  with  carbon 
monoxide.   For  those  who  smoked  more  than  one  pack  of  cigarettes 
a  day  data  indicated  5.35%  of  their  hemoglobin  combined  with 
carbon  monoxide.   These  were  values  for  men  who  had  not  been 
on  duty  in  the  tunnel  recently. 

According  to  von  Oettingen ,  '9a)  Henderson  et  al 
gave  a  relationship  between  CO  in  the  air  and  toxic  symptoms 
(Table  6). 
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TABLE  6 
CO  in  Air  and  Toxic  Symptoms 


CO  (ppm) 

TOO 

400-500 

600-700 

1000-1200 

1500-2000 
4000  and  above 


Concentration  allowable  for  an  exposure 

of  several  hours 
Concentration  which  can  be  inhaled  for 

1  hour  without  appreciable  effect 
Concentration  causing  just  appreciable 

effects  after  1  hour  of  exposure 
Concentration  causing  unpleasant  but 

not  dangerous  symptoms  after  1  hour 

of  exposure 
Concentration  dangerous  with  exposure  for 

1  hour 
Concentrations  which  are  fatal  in  exposures 

for  less  than  1  hour 


One  of  the  initial  symptoms  of  CO  poisoning  is 
headache  which  is  associated  sooner  or  later  with  irritability, 
fatigue  and  progressive  weakness. 

One  of  the  most  characteristic  findings  in  acute 
CO  poisoning  resulting  in  unconsciousness  is  a  complete  amnesia 
for  the  time  of  the  accident. 


observ 
recove 
contro 
comb  in 
any  co 
cause 
any  st 
functi 
concen 
or  obj 
has  al 
any  si 
9b,9c) 


Psychoses  as  sequelae  of  CO  poisoning  have  been 
ed  repeatedly.   Usually  they  develop  after  apparent 
ry  from  the  acute  exposure.   Despite  some  degree  of 
versy,  evidence  is  lacking  1)  that  CO  as  such  or  in 
ation  with  other  compounds  remains  in  the  tissue  for 
nsiderable  time,  and  2)  that  concentrations  of  CO  which 
no  acute  subjective  or  objective  symptoms  will  affect 
ructure  of  the  organism  in  such  a  way  as  may  lead  to 
onal  or  permanent  injury.   It  is  generally  believed  that 
trations  of  up  to  100  ppm  of  CO  in  air  cause  no  subjective 
ective  toxic  effects  even  with  continued  exposure.   It 
so  been  demonstrated  that  such  exposure  will  not  cause 
gns  or  symptoms  of  chronic  CO  poi soning. (7a ,7b ,7c ,8 ,9a , 


Carbon  monoxide  exerts  its  effects  on  man  by  com- 
bining with  the  hemoglobin  of  the  blood  and  interrupting  the 
normal  oxygen  supply  to  the  body  tissues.   Although  this 
resultant  deficiency  is  a  reversible  chemical  asphyxia,  never- 
theless, damage  done  by  severe  anoxia  from  any  cause  may  not 
be  reversible. (10) 
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Table  7  reflects  the  symptoms  caused  by  various 
amounts  of  carbon  monoxide  hemoglobin  in  the  blood. HO] 


TABLE  7 
COHb  and  Symptoms 


Blood  Saturation  % 
CO  Hemoglobin 

0-10 
10-20 


20-30 
30-40 


40-50 

50-60 
60-70 
70-80 


Symptoms 

No  symptom 
Tightness 

slight  he 

blood  ves 
Headache  a 
Severe  hea 

dimness  o 

and  colla 
Same  as  ab 

bill ty ,  i 

pul  se 
Above  plus 

convulsi  o 
Above  plus 

and  res  pi 
Weak  pulse 

respirato 


s 

aero 
adac 
sel  s 
nd  t 
dach 
f  vi 
pse 
ove, 
ncre 


ss  forehead,  possible 
he,  dilation  of  cutaneous 

hrobbing  in  temples 

e,  weakness,  dizziness, 

si  on,  nausea,  vomiting 

more  collapse  possi- 
ased  respiration  and 


coma  with  intermittent 
ns 

depressed  heart  action 
ration  and  possibly  death 

and  slow  respiration, 
ry  failure  and  death 


The  degree  of  harm  from  carbon  monoxide  is  a  product 
of  concentration  times  the  length  of  exposure.   Henderson  and 
Haggard(H)  proposed  the  following  equation  (Table  8)  as  a 
rough  guide  in  estimating  probable  effects  -  it  does  not  apply 
to  exposures  longer  than  a  few  hours. 


TABLE  8 
CO  Time-Concentration-Effect 
Hours  X  PPM  Effect 


300 

600 

900 

1500 


No  perceptible  effect 
Just  perceptible  effect 
Headache  and  nausea 
Dangerous  to  life 


Satisfactory  evidence  has  not  been  presented  to 
indicate  that  any  permanent  ill  effects  in  men  or  animals  are 
to  be  expected  from  a  single  acute  exposure  to  carbon  monoxide 
where  the  exposed  person  or  animal  remains  conscious  through- 
out . (9a ,9b  ,9c) 
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data  in  Table 
exposure  level. 


Figure  1  presents  a  series 
8,  which  relate  effects 


of  curves ,  based  on 
of  CO  with  time  and 


The  signs  and  symptoms  of  acute  CO  intoxication   ,   . 
only  appear  with  carboxyhemogl obin  (COHb)  levels  above  101. ^'^ 
These  levels  are  apparently  hardly  ever  found  in  subjects  ex- 
posed to  traffic  exhaust.   Fisher  and  Hasse(13a)  reported  that 
in  moderate  CO  poisoning  produced  by  inhalation  of  CO  in  con- 
centrations of  200  to  540  ppm  over  a  period  of  40  to  60 
minutes,  the  labyrinth  in  most  instances  showed  an  increased 
excitability,  as  indicated  by  the  lowering  of  the  threshold 
for  electric  stimuli. 
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reported  that  "chronic  carbon  monoxide 
cases  showed  a  slowly  increasing  hearing 
frequency  areas". 

reported  increased  sensitivity  to  noise 
ic  irritability  in  blast  furnace  workshops 
as  experienced.   Ten  to  twenty  per  cent 
C.K.  Drinker(lS)  reported  dimness  of 
m  for  one  hour  associated  with  COHb  greater 
concludes  from  an  extensive  review  of  the 
that  carbon  monoxide  doses  below  50  ppm  do 
Miranda  et  alH7a)  state  that  the  effects 
from  smoking  and  exposure  to  ambient  car- 
t  additive.   If  a  person  has  7%  carboxy- 
lood  and  is  exposed  to  25  ppm  of  CO,  he 
te  CO.   If  exposed  to  50  ppm,  there  will 
f  exposed  to  100  ppm,  the  uptake  will  be 


The  Aero  Medical  Association^^)  states  that  the 
tolerance  for  COHb  in  the  blood  is  less  at  high  altitude  than 
at  sea  level;  for  example,  3%  COHb  at  15,000  feet  produces 
effects  equal  to  that  caused  by  20%  COHb  at  sea  level.   A 
tabulation  relating  CO  exposure  concentration  and  time  to 
reach  7%   COHb  at  sea  level  when  light  work  is  being  done 
showed  100  ppm  requiring  88  minutes,  300  ppm  requiring  29 
minutes,  and  500  ppm  requiring  18  minutes  to  reach  7%   COHb. 

According  to  the  Documentation  for  Short  Term 
Exposure  Limits, 08)  a  concentration  of  1000  ppm  CO  could 
exist  without  creating  physiologically  unacceptable  conditions 
when  exposed  to  such  a  level  for  as  long  as  ten  minutes.   This 
is  roughly  comparable  to  Henderson's  equation. 0 1 )   Data  in 
Reference  18  relate  carboxyhemogl obi n  levels  with  CO  concen- 
trations and  exposure  time.   They  are  consistent  with  data 
shown  in  Reference  17a  in  which  equations  are  postulated  for 
COHb  determination  and  suggest  that  if  the  COHb  level  in  the 
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person  who  is  normally  healthy  is  maintained  below  14%,  this 
is  a  physiologically  acceptable  level. 


2.   Nitrogen  Dioxide 


reported 
Disease 
does  no 


ppm  have  been 
Industrial 
ited  States 


Men  observed  working  6  to  8  hours  daily  in  nitric 
acid  recovery  and  fortification  plants,  where  exposures  ranged 
from  5  to  30  ppm  and  averaged  10  to  20  ppm,  for  periods  up  to 
18  months,  evidenced  no  significant  ill  health  nor  were  any 
characteristic   adverse  effects  detected  by  periodic  medical 
examinations. U0) 


The  Association  of  Casualty  and  Surety  Companies 
(Chemical  Hazard  Bulletin)  states  that  10  to  20  ppm  can  be 
endured  with  no  discomfort. 

The  Los  Angeles  County  Air  Pollution  Control  District 
established  a  concentration  of  3  ppm  for  the  first  alert.  5  ppm 
for  the  second  alert,  and  10  ppm  for  the  third  alert. (19) 

Cooper  et  al,(20)  in  reviewing  literature  on  the 
effects  of  NO2  on  man,  developed  a  tabulation  which  is  abstract' 
ed  in  Table  9.   They  also  state  that  there  is  no  evidence  for 
any  carcinogenic  effects  of  NO2  in  man  and  that  there  is  too 
little  evidence  on  which  to  base  any  conclusions  regarding 
NO2  adsorbed  on  particulates.   They  conclude  that  this  is  an 
area  requiring  long-term  research  experiments  before  any 
definitive  data  will  be  available. 


PPM 

0.2 
0.5 
1-3 


TABLE  9 

Effects  of  NO2  on  Man 

Effect  or  Comment 

Calculated  limit  for  space  travel 
Submarine  maximum  for  90  day  dive 
Odor  threshold 
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5 
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10 

10 
10 

13 

20 


TABLE  9  cont. 
Effects  of  NO2  on  Man 

Effect  or  Comment 
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3  had  eye  irritation;  7,  nasal 

,  pulmonary  discomfort;  6  olfactory 

1  predominantly  slight 

3  recovery  plants  reportedly  exposed 

raging  up  to  20  ppm  for  up  to  18 

no  ill  effects 
sure  limit  for  30  minute  exposure 
sure  limit  for  15  minute  exposure 
d  in  30-35  ppm  of  nitrous  gases  over 

had  no  ill  effects 
sure  level  for  5  minutes 
eers  exposed  for  one  minute;  3  had 
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tes  volunteers  got  tightness  of 
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In  animal  research  Gross  et  al'^1)  concluded  that 
long-term  exposure  of  hamsters  to  NO2  did  not  cause  emphysema 
at  an  average  concentration  of  22  ppm  (ranging  from  10  to  34 
ppm)  exposed  for  two  hours  per  day,  five  days  per  week  for 
three  consecutive  weeks. 

3.   Sulfur  Dioxide 

Sulfur  dioxide  is  an  irritant  gas;  6  to  12  ppm 
causes  immediate  irritation  to  nose  and  throat.   About  20  ppm 
is  the  least  amount  irritating  to  the  eyes. (10)   its  inhalation 
affects  chiefly  the  upper  respiratory  tract,  trachea  and  bronchi 
The  strong  sensory  stimulation  often  causes  spasm  of  the  glottis 
which  protects  the  deeper  passages.   Recovery  from  the  effects 
of  short  exposure  is  rapid. (22) 
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Association  of  Casualty  and  Surety  Companies     .   . 
(Chemical  Hazards  Bulletin  1952)  show  the  data  in  Table  10. t'8' 


TABLE  10 
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S02,  in  its  various  forms  and  metabolic  products, 
does  not  accumulate  in  the  human  system  and  does  not  accumulate 
in  the  atmosphere. (25)   There  is  a  threshold  level  below  which 
no  detectable  response  to  S02  that  might  conceivably  be  health- 
related  occurs.   This  threshold  response  is  1  to  2  ppm  in  the 
most  sensitive  individuals. 

4.   Aliphatic  Aldehydes  and  Formaldehyde 

Formaldehyde  and  acrolein  have  been  identified  as 
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components  of  automobile  exhaust  fumes.   Others  may  be  present 
such  as  crotonaldehyde  and  saturated  aldehydes. 

In  general,  the  toxicity  of  the  saturated  aldehydes 
decreases  with  increasing  molecular  weight.   The  unsaturated 
aldehydes  are  extremely  irritating.   The  irritant  nature  of 
aldehydes,  from  human  experience,  provides  sufficient  warning 
to  prevent  serious  health  effects.   This  may  explain  the  paucity 
of  information  regarding  the  experimental  toxicology  of  chronic 
aldehyde  exposure. (26) 

The  systemic  toxicity  of  formaldehyde  is  relatively 
low.   It  irritates  the  mucous  membranes  via  hardening  the 
tissues  on  local  contact.   All  organic  aldehydes  are  reported 
to  be  irritant.   The  toxic  effects  of  acrolein  consist  chiefly 
in  strong  irritation  of  the  skin  and  exposed  mucosae.   No 
other  chronic  ill  effects  have  been  reported. (22) 

The  relative  acute  toxicity  of  aliphatic  aldehydes 
tabulated  by  Skog,  reported  in  reference  26,  is  shown  in 
Table  11. 


TABLE  11 


Aldehyde 

Acrolein 

Formaldehyde 

Crotonaldehyde 

Acetaldehyde 

Propi  onaldehyde 

Butyraldehyde 


Aldehyde  Toxicity 

Rat  Inhalation  LCgn  (ppm)  (30  min) 

131 

815 

1,396 

20,572 

26,164 

59,160 


In 
posure  to  20 
to  30  seconds, 
of  30  seconds, 


the 
ppm 


experience  of  Barnes  and 
of  formaldehyde  produced 


irritation  of  the  nose  and 
and  sneezing  in  1  or  2  minutes 


Speicher(   '  ex- 
lacrimation  in  15 
throat  at  the  end 


Sim  and  Pattle(^3)  exposed  human  volunteers  to 
vapors  of  several  aldehydes  for  from  5  to  30  minutes.   For- 
maldehyde caused  irritation  of  mucous  membranes  and  lacrima- 
tion  at  13.8  ppm;  acrolein  was  violently  irritating  and 
lacrimatory  at  .8  and  1.2  ppm,  crotonaldehyde  was  irritant 
and  lacrimatory  at  4.1  ppm;  acetaldehyde  produced  slight 
irritation  to  the  upper  respiratory  tract  at  134  ppm;  pro- 
pronaldehyde,  butyraldehyde  and  i sobutyraldehyde  were  non- 
irritating  at  concentrations  of  134  ppm,  230  ppm  and  207  ppm, 
respectively. 
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Henderso-n  and  Haggard^'"'  state  that  1  ppm  acrolein 
in  air  is  immediately  detectable,  that  5.5  ppm  causes  intense 
irritation  and  that  10  ppm  is  lethal  in  a  short  time. 

Elkinsv28)  reports  that  5-6  ppm  causes  eye  irritation 
in  persons  acclimatized  to  formaldehyde  and  at  lower  concentra- 
tions in  those  not  acclimatized.   Five  ppm  prevents  respiratory 
injury,  but  not  irritation.   Cases  of  itching  eyes  have  been 
noted  at  concentrations  of  1  to  2  ppm. 

5.   Hydrocarbons 


Although  polycyclic  hydrocarbons  produce  tumors 
when  painted  on  the  skin  of  susceptible  animals,  their  inhala 
tion  has  resulted  in  no  experimental  lung  cancer 

6.   MetalsO°) 


MV 


A  variety  of  metals  have  been  reported  as  having 
been  found  in  vehicular  tunnel  atmospheres,  all  in  ug/m^ 
quantities.   Their  physical  nature  has  not  been  elicited, 
but  none  of  those  reported  even  approaches  the  TLV  (time- 
weighted  average  for  eight  hours  per  day,  five  days  per  week, 
exposure) . 
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b.  Chromium  -  Chromium  salts,  including  Cr203,  are 
ascribed  a  low  order  of  toxicity  and  have  caused  no  significant 
industrial  illness.   On  the  other  hand,  chromates  are  reported 
to  be  systemically  toxic  and  carcinogenic. 

c.  Copper  -  Repeated  exposure  to  Cu  fume  levels  up 
to  400  yg/m3  caused  no  complaints  and  brief  exposures  to  con- 
centrations of  1  to  3  mg/nw  resulted  in  no  other  discomfort 
than  a  sweet  taste. 


d.   Iron 


a.   iron  -  Siderosis,  or  iron  pigmentation,  is 
reported  to  occur  at  exposure  levels  above  10  mg/m3  of  Fe 
oxide  fume,  which  is  a  relatively  low  order  of  toxicity. 
Physical  examinations  and  tests  of  work  capacity  of  welder 
with  Fe  pigmentation  show  that  it  causes  little  or  no  disa 
ity. 


s 

bil 


e.  Nickel  -  Apart  from  the  possible  malignant 
effects  of  nickel  carbonyl  ,  dermatitis  constitutes  the  only 
other  serious  nickel  exposure  hazard. 

f.  Titanium  -  The  physiological  history  of  Ti02 
is  one  of  inertness.  No  significant  pulmonary  alterations 
were  observed  among  workmen  employed  in  enclosed  workshops 


with  Ti O2  dust. 


g.   Vanadium  -  In  a  study  to  test  experimentally 
in  animals  the  suitability  of  a  threshold  limit  for  V0O5  of 
500  yg/m3  recommended  by  the  Russians,  it  was  found  that 
dogs,  rats,  guinea  pigs,  and  rabbits  tolerated  V2O5  dust 
exposure  at  this  level  for  6  months  of  daily  6-hour  exposures 
without  evidence  of  histological  change  referable  to  inhalation 
of  the  dust. 

No  effects  except  lowered  serum  cholesterol  levels 
were  seen  among  vanadium  processing  workers  in  Colorado  who 
were  exposed  to  vanadium  levels  of  from  100  to  300  yg/m3. 

h.   Lead  -  Inorganic  lead  has  not  been  reported  as 
a  cause  of  acute  reactions  even  at  the  highest  airborne  con- 
centrations.  No  harmful  effects  to  humans  have  been  reported 
at  the  highest  ambient  concentrations.   "Measured  concentrations 
of  organic  lead  are  very    low,  so  low  in  fact  that  it  is  not 
necessary  to  consider  organic  lead  as  a  practical  constituent 
of  the  atmosphere. " (30) 

7.   Particulates 

Hoffman  et  al^29)  discussed  the  analysis  of  the 
exhaust  tar  from  gasoline  engines.   Among  about  30  isolated 
and  identified  polynuclear  aromatic  hydrocarbons  (PAH)  were 
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10  components  which  are  carcinogenic  to  the  experimental 
animal.   It  must,  however,  be  here  reiterated,  as  stated  by 
Goldsmith  and  Rogers, (2)  that  carcinogenic  activity  has  only 
been  detected  with  dermal  application.   No  experimental  lung 
cancer  has  resulted  from  inhalation  of  these  compounds. 
Lyons(31)  reported  PAH  compounds  in  diesel  exhausts  of  which 
several  are  reportedly  carcinogenic  to  experimental  animals 
via  dermal  application. 

Waller  et  al ( 32 )  made  observations  on  the  size  and 
shape  of  particles  in  the  atmosphere  of  London  and  a  number 
of  samples  were  collected  in  the  Blackwall  Tunnel.   Nearly 
all  the  particles  were  small  smoke  aggregates,  with  a  mass 
median  diameter  of  1  micron.   The  forms  were  typical  of  those 
produced  by  the  incomplete  combustion  of  hydrocarbon  fuels. 
All  were  small  enough  to  stay  in  suspension  indefinitely  and 
they  were  well  within  the  respirable  size  range.   The  maximum 
concentration  of  smoke  occurs  when  the  number  of  diesel  vehicles 
is  highest. 

C.   Other  Physiological  Effects 

1.   Irritation 

Eye  irritation  is  by  far  the  most  noticeable  and 
obnoxious  symptom  of  smog  as  far  as  the  public  is  concerned. 
The  identity  of  the  exact  compounds  produced  in  smog  reactions, 
which  are  responsible  for  eye  irritation,  have  not  been 
established.   Formaldehyde,  acrolein,  and  peroxyacyl  nitrate 
(PAN)  have  been  variously  reported  as  being  involved,  but 
there  is  no  general  acceptance  of  this.   Actual  measurements 
in  the  Los  Angeles  atmosphere  have  failed  to  demonstrate  that 
such  compounds  are  present  in  sufficient  amounts,  alone  or 
together,  to  cause  eye  i rri tation. (33) 

Oxides  of  nitrogen  are  suspected  of  contributing 
to  eye  irritation  caused  by  vehicular  exhaust  but  insufficient 
specific  information  has  been  developed  to  formally  indict 
them. 

The  low  molecular  weight  aldehydes,  formaldehyde 
and  acrolein,  cause  eye  reaction  at  as  low  as  0.01  ppm  ex- 
posure level,  which  is  below  the  odor  threshold  for  both. 
However,  acrolein  produces  only  mild  sensory  irritation  at 
0.25  ppm  while  formaldehyde  produces  mild  irritation  of  the 
eyes  and  nose  at  2  to  3  ppm.   The  higher  aliphatic  aldehydes 
have  much  higher  irritation  thresholds. 

Aromatic  hydrocarbons  (benzene,  toluene,  xylene, 
etc.)  can  cause  irritability  but  not  without  chronic  exposure 
or  relatively  high  acute  exposure. 


226 


Exposure- to  the  levels  of  paraffin  hydrocarbons 
found  in  automotive  exhausts,  particularly  in  vehicular 
tunnel  atmospheres,  are  likely  to  be  entirely  free  from  any 
irritant  effect.   The  oxides  of  sulfur  may  cause  throat 
irritation,  but  such  is  not  likely  to  be  encountered  in 
tunnel  atmospheres  unless  there  is  a  significant  build-up 
of  oxides  of  sulfur.   The  same  may  be  said  for  oxides  of 
nitrogen. 

Carbon  monoxide,  while  not  an  irritant  in  the  true 
sense  can  cause  headache  and  irritability. 

Carbon  dioxide,  which  has  not  heretofore  been 
mentioned  in  this  report,  is  a  product  of  automotive  exhaust. 
Its  only  significant  effect,  if  in  large  enough  concentration, 
is  as  a  toxicant  contributor  to  respiration  difficulty  and 
as  such  could  add  to  the  respiratory  burden  of  ill  persons. 
Such  levels  are  virtually  impossible  to  attain  in  tunnel  at- 
mospheres. 


Information  on  irritant  effects,  other  than 
logic,  of  polycycllc  hydrocarbons  is  inconclusive  and 
ient  on  which  to  base  any  comment. 

2.   Odor 


dermato- 
i  nsuf f i  c 


There  have  been  many  conflicting  reports  related 
to  the  specific  sources  and  causes  of  odors  which  have  been 
purported  to  result  from  vehicular  exhaust,  to  the  point  that 
there  appear  to  be  more  areas  of  lack  of  agreement  than  of 
agreement.   For  example,  acrolein  and  formaldehyde,  which  do 
have  low  odor  thresholds,  have  been  cited  as  contributors  to 


automotive  exhaust  odors.  The 
is  reported  to  be  from  0.05  to 
is  reported  to  be  from  0.21  to 
source. (34) 


odor  threshold  for  formaldehyde 
1.0  ppm  while  for  acrolein  it 
1.8  ppm,  depending  on  the 


The  present  state  of  knowledge  is  too  scanty  and 
contradictory  to  utilize  the  available  data  on  odor  thresholds 
with  any  degree  of  confidence. 

The  odor  of  NO2  is  characteristic  and  distinct  in 
concentrations  as  low  as  5  ppm.   SO2  has  an  easily  noticeable 
odor  at  3  ppm,  while  some  can  detect  at  concentrations  as  low 
as  0.3  ppm  (probably  more  by  taste  than  by  odor).   CO,  of 
course,  is  odorless. 

Because  of  the  chemical  complexity  of  the  particu- 
lates, odor  is  not  a  likely  means  of  identification  nor  would 
it  be  one  of  the  attributes  to  consider  controlling. 
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3.   Visibility 

Addressing  these  remarks  to  vehicular  tunnel 
atmospheres,  we  can  for  the  most  part  ignore  photochemical 
smog  because  of  the  minimum  amount  of  radiant  energy  avail- 
able.  The  visibility  problem(s)  then  relate  to  clarity  of 
the  atmosphere,  i.e.,  suspended  particulates  (smoke)  and  those 
tunnel  contaminants  which  affect  visual  acuity,  whether  through 
lachrimatory  or  other  processes. 

Concerning  particulates,  not  only  do  they  alone 
contribute  to  visibility  reduction,  but  the  added  effect  of 
droplets  (vapors)  of  the  oxides  of  nitrogen,  the  oxides  of 
sulfur  and  the  unburned  hydrocarbons  from  blow-by,  evaporation 
and  incomplete  combustion  contribute  to  a  haze  effect. 

Reduction  of  particulates,  which  in  themselves  may 
not  be  significant  health  hazards,  would  reduce  the  "plating 
out"  effect  of  vapors  on  them. 


D.   Synergism 

The  first  thought  might  well  be  photochemical 
reactivity,  but  in  tunnel  atmospheres  this  is  minimized. 

There  are,  however,  interacting  forces,  as  for 
example  the  effect  of  carbon  monoxide  on  normally  healthy 
tunnel  users  or  employees  vs.  the  effect  of  CO  on  heavy  smokers 
and/or  on  those  who  have  cardiopulmonary  deficiencies.   Addition 
ally,  there  can  be  the  effect  of  humidity  on  the  exhaust 
products  and  their  relative  toxic,  irritant  or  nuisance  value, 
and  the  difference  in  effects  of  exhaust  emissions  at  or  near 
sea  level  vs.  those  at  higher  elevations.   Although  not 
chemical  pollutants,  both  noise  and  temperature  can  have 
effects  on  tunnel  users  and  employees. 

It  has  been  reliably  reported  that  carbon. monoxide 
is  not  oxidized  by  ozone  at  ordinary  temperatures 


on  mpi 
.(35) 


E.   Criteria  for  Recommending  Limits 

There  are  several  bases  for  concern  and  consideration 
of  desirable  improvements  in  the  ambient  atmosphere  in  operative 
vehicular  tunnels:  health,  safety,  comfort,  traffic  flow, 
maintenance,  disaster  control,  ease  of  facility  design  and 
construction,  effect  on  the  outside  atmosphere,  aesthetics 
and  economics,  and  perhaps  others. 

There  are  probably  as  many  defensible  ways  to  rank 
these  bases  as  there  are  people  of  differing  backgrounds  and 
interests  who  set  themselves  to  the  task  of  such  ranking. 
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The  rationale  used  in  our  deliberations  is  that 
the  health  of  the  transient  users  and  of  the  tunnel  work 
force  are  necessary  prerequisites  to  virtually  all  the  others. 
If  these  are  considered  as  the  top  priority  and  are  adequately 
effected,  then  safety  and  disaster  control  will  be  more  readily 
effected  as  second  priority  subjects.   If  the  second  priority 
items  are  well  under  control,  then  maintenance  of  the  tunnels 
and  traffic  flow  will  be  made  easier  as  third  priority  con- 
siderations.  It  is  difficult  to  divorce  economics  from  any 
of  the  bases  because  of  the  obvious  and  necessary  intermeshing. 
Consequently,  economics,  although  here  relegated  to  a  relatively 
low  order  of  priority,  must  be  considered  along  with  each  of 
the  concerns  here  listed. 

Closely  related  to  economics  is  the  ease  of  facility 
design  and  construction,  whether  it  is  to  improve  existing 
tunnels  or  to  construct  new  tunnels. 

While  comfort  and  aesthetics  are  quite  desirable, 
they  are  assigned  the  lowest  priority  of  those  elements  of 
concern  in  this  listing  since  their  consideration  and  imple- 
mentation will  require  the  utilization  of  funds  which  must 
first  be  earmarked  for  concerns  of  higher  priority. 

Based  on  an  extensive  review  of  literature  and  data, 
both  published  and  unpublished,  there  are  several  gaps  in 
information  and  data  which  preclude  any  possibility  of  recom- 
mending unequivocal  criteria  for  setting  limits  or  establishing 
standards  for  vehicular  tunnel  atmospheres. 

Throughout  this  report,  reference  has  been  made 
frequently  to  threshold  limit  values,  short  term  limits, 
contaminant  concentrations  in  parts  per  million,  milligrams 
per  cubic  meter  or  micrograms  per  cubic  meter.   There  have 
been  references  to  measured  as  well  as  to  estimated  values. 
Not  all  the  values  are  readily  comparable  one  with  the  other 
since  the  bases  for  establishing  limits,  for  example,  are 
quite  different  even  within  the  same  set  of  limits  such  as 
TLV's. 

Consequently,  any  attempt  to  develop  time-dose 
relationships  for  tunnel  contaminants  will  of  necessity  be 
empirical  at  best  and  of  extremely  limited  use. 

A  representative  example  will  show  this  problem 
quite  clearly.   There  have  been  proposed  for  carbon  monoxide 
a  threshold  limit  value,  short  term  limit  and  emergency 
exposure  limits  by  the  Pennsylvania  Department  of  Public 
Health. 
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CO: 


TLV 
STL 
EEL 


50  ppm  (8  hr  day  -  5 

400  ppm  (15  minutes) 

400  ppm  (60  minutes) 

800  ppm  (30  minutes) 

1500  ppm  (10  minutes) 


day  week) 


The  TLV  and  STL  are  purportedly  safe  limits  which 
will  result  in  no  deleterious  health  effects  to  the  normal 
person.   They  do  not  take  into  account  those  people  who  have 
health  deficiencies. 

The  EEL  values  were  established  for  military  and 
space  short  term  inhalation  standards  at  which  some  degree 
of  intoxication,  though  temporary,  may  result. 

F.   Time  Concentration  Effects 

A  reasonably  valid  assumption  is  that,  for  transient 
tunnel  users  and  for  tunnel  employees  who  alternate  periods  of 
work  in  the  tunnel  with  periods  of  work  outside  the  tunnel,  if 
the  pollutant  concentration  in  the  tunnel  does  not  exceed  the 
TLV  for  that  pollutant,  the  probability  of  n_o  adverse  health 
effect  from  that  pollutant  is  very  high. 

We  may  go  further  and  assume  that  normally  the  short 
term  limits  can  apply  as  far  as  transient  users  of  the  tunnels 
are  concerned.   However,  here  we  may  be  assuming  too  much  if 
there  are  long  traffic  delays  which  would  exceed  the  short 
term  limit  peri  od. 

The  Community  Air  Quality  Guides  for  Al  dehydes (34) 
presents  a  series  of  concentrations  for  formaldehyde  and  the 
effects  experienced.   Comparing  them  with  TLV  and  STL,  we 
find  the  following: 


HCH0: 


TLV 
STL 
AQG 


5 

5 

2-3 

4-5 

10 


ppm 
ppm 
ppm 

ppm 

ppm 


(5  minutes) 

-  repeated  8  hour  exposures; 
mild  irritation;  discomfort 

-  tolerate  up  to  30  minutes; 
lachrymation 

-  borne  with  difficulty;  pro- 
fuse lachrymation 


Here  again,  any  attempt  to  develop  meaningful  time- 
concentration  relationships  is  fraught  with  hazard  and  uncer- 
tainty. 

Figures  1  and  2  are  graphic  representations  of  data 
concerning  time-concentration  relationships  for  carbon  monoxide 
Even  here  the  data  in  the  literature  are  not  fully  consistent. 
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In  summarizing  important  engineering  developments 
from  1965-68,  (in  Volume  1  of  Industrial  Hygiene  Highlights) 
Bloomfield  quotes  and  endorses  Miranda  as  follows: 

"High  altitude,  coupled  with  the  presence  of 
carbon  monoxide,  serves  to  deprive  the  blood 
of  its  oxygen  carrying  capacity.   An  evaluation 
of  the  physiologic  and  ventilation  control 
problems  associated  with  a  1.6  mile  tunnel  at 
an  elevation  of  11,000  feet  was  made  in  order 
to  develop  recommendations  concerning  tunnel 
ventilation  and  tunnel  use. 

It  was  recommended  that: 

1.   The  CO  concentration  in  the  tunnel  be 
maintained  below  25  ppm  with  one  hour 
averages  no  higher  than  50  ppm,  and  short 
term  peaks  no  higher  than  75  ppm. 
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2.  Signs  be  placed  on  the  route  to  warn 
sensitive  individuals  of  the  dangers 
of  high  elevations  and  smoking  and  to 
suggest  possible  alternate  lower 
routes . 

3.  Oxygen  masks  be  provided  at  the  tunnel 
for  emergency  use. 

4.  Construction  workers  involved  in 
building  the  tunnel  be  screened  for 
cardiopulmonary  abnormalities,  as 
well  as  blood  dyscrasias  (sickle 
cell  anemia).   They  should  also  be 
acclimatized  to  the  high  altitude 
through  progressively  increased 
exercises. "(38) 

An  additional  practical  and  easy  to  adopt  measure 
would  be  installation  of  an  audio-visual  warning  (based  on 
either  CO  quantitation  or  SOP  or  both)  which  would  require 
turning  off  auto  ignition  in  case  of  traffic  stoppage. 


There 
in  tunnels  also 
tunnel s : 


are  certain  other 
to  be  considered, 


methods  for  improvement 
either  for  existing  or  new 


1.  Pre-employment  physical  examinations  for  tunnel 
employees  and  frequent  periodic  physical  examinations  to 
document  any  or  no  changes. 

2.  Develop  traffic  control  systems  which  will 
activate  during  serious  traffic  tie-ups  or  tunnel  area  dis- 
asters. 

3.  Develop  driver  education  programs  for  sound 
guidance  specifically  for  tunnel  traffic  driving. 

4.  Develop  improved  methods  for  detecting  pollutants 
identifying  and  quantifying  them. 

5.  Develop  appropriate  research  programs  to  fill 
the  gaps  and  to  determine  the  effects  of  several  levels  of 
pollutant  concentrations  for  several  time  periods. 

6.  Develop  appropriate  research  programs  to  deter- 
mine the  nature  and  extent  of  synergistic  effects. 

7.  Develop  suitable  methods  for  reducing  suspended 
particulates  in  tunnels. 
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8.  Determine  the  true  priorities  for  tunnel  atmos- 
phere improvement  considering  health,  safety,  engineering 
design  and  maintainability. 

9.  Initiate  a  program  to  determine  the  accident 
rates  in  tunnels  over  an  extended  period  of  time  with  partic- 
ular emphasis  on  the  causes  of  the  accidents. 

10.  Initiate  a  program  to  determine  the  contribution 
of  tunnel  equipment,  materials  and  road  bed  erosion  to  the 
pollutant  inventory. 

11.  Study  the  tunnel  lighting  to  consider  the  optimum 
lighting  for  users  and  employees. 

Undoubtedly,  the  1971  Automotive  Air  Pollution  Research 
Symposium  sponsored  by  the  Coordinating  Research  Council,  Inc., 
on  May  3-5,  1971,  at  the  Ambassador  West  Hotel,  Chicago,  Illinois 
will  present  additional  data  and  concepts  which  should  be  taken 
into  consideration  when  they  become  available  along  with  the 
contents  of  this  report. 
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FIGURE  1  -  CO  EXPOSURES  AND  EFFECTS 
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FIGURE  2  -  PERCENT  COHb  (CO  TIME-EXPOSURE  EFFECT) 
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APPENDIX  II 


Pollutant  Removal  Process  Calculations 
from  Final  Report  -  Patent  Development 
Associates,  Inc.  (See  page  8l) 
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CALCULATIONS  OF  AVERAGE  EMISSIONS  OF  CO  AND  HYDROCARBONS 
FROM  AUTOMOBILES  IN  1970,  1975  AND  1980. 

A.  Automotive  age  percentiles  calculated  from  Blum 
(1967). 

B.  Emission  data  taken  from  Ai  r  Pol  1 ution  ,  Vol .  Ill, 
A.C.  Stern  (ed.)  p  76,  (1968). 

YEAR  1970 

1970  AUTOMOBILE  POPULATION: 

Vehicles  1954  to  1964  -  63.40%  with  emission 
standards  of: 

HC  =  900  ppm       CO  =  32,000  ppm 

Vehicles  1964  to  1969  -  36.60%  with  emission 
standards  of: 

.  HC  =  275  ppm       CO  =  15,000  ppm 

therefore,  average  automobile  exhaust  during 
1970  will  have: 

HC  =  900  x  0.634  +  275  x  0.366 

=  560  +  100 

=  660  ppm 

CO  =  32,000  x  0.634  +  15,000  x  0.366 

=  20,300  +  5,466 

=  25,790  ppm 

YEAR  1975 

1975  AUTOMOBILE  POPULATION: 

Vehicles  1959  to  1964  -  17.08%  with  emission 
standards  of: 

HC  =  900  ppm       CO  =  32,000  ppm 

Vehicles  1965  to  1969  -  46.32%  with  emission 
standards  of: 

HC  =  275  ppm       CO  =  15,000  ppm 
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Vehicles  -1970  to  1974  -  36.60%  with  emission 
standards  of: 

HC  -  180  ppm       CO  =  10,000  ppm 

therefore,  average  automobile  exhaust  during 
1975  will  have: 

HC  =  900  x  0.1708  +  275  x  0.4632  +  180 
x  0.366 

=  153  +  127  +  68 

=  348  ppm 

CO  =  32,000  x  0.1708  +  15,000  x  0.4632 
+  10,000  x  0.366 

=  5,460  +  6,950  +  3,660 

=  16,070  ppm 

YEAR  1980 

1980  AUTOMOBILE  POPULATION: 

Vehicles  to  1964  -  1.34%  with  emission 
standards  of: 

HC  =  900  ppm       CO  -    32,000  ppm 

Vehicles  1965  to  1969  -  15.74%  with  emission 
standards  of: 

HC  =  275  ppm       CO  =  15,000  ppm 

Vehicles  1970  to  1974  -  46.32%  with  emission 
standards  of: 

HC  =  180  ppm       CO  =  10,000  ppm 

Vehicles  1975  to  1979  -  36.60%  with  emission 
standards  of: 

HC  =  50  ppm        CO  =  5,000  ppm 

therefore,  average  automobile  exhaust  during 
1980  will  have: 

HC  =  900  x  0.0134  +  275  x  0.1574  +  180 
x  0.4632  +  50  x  0.3660 
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=  12  +  43  +  83  +  18 

=  156  ppm 

CO  =  32,000  x  0.0134  +  15,000  x  0.1574 
+  10,000  x  0.4632  +  5,000  x  0.3660 

=  430  +  230  +  4,630  +  1  ,830 

=  6,120  ppm 


245 


II.   THERMAL  INCINERATION 

Based  on  HEW,  AP-51 

Assume  Direct  Flame,  with  Heat  Exchange 

Annual  Capital  Charge 

Installed  Cost  (with  Exchanger)  =   $220,000 
Annual  Capital  Charges  =   (0. 1 33)  ($220 ,000) 

=   $29,260 

Annual  Operating  &  Maintenance  Charges  (G) 

G  =  S[l95.5  x  10-6  phk  +  M  +  HFl 

Val  ue 

S  =  Design  Capacity,  CFM  250,000 

P  =  Gas  pressure  drop,  inches  1 

of  H20 

H  =  Annual  operating  hours  4,380 

K  =  Power  costs,  $/kw-hr  0.011 

M  =  Maintenance  cost,  $/ACFM  0.06 

F  =  Fuel  Cost,  $/Hr/ACFM  0.23/1000 

G  =  250,000  [(195.5  x  1 0"6 ) ( 1 ) (4 , 380) (0. 01 1  )  +  0.06 
+  (4, 380)(0. 23/1000)] 
=  250,000  LI. 0768] 
=  $269,200 

Total  Annual  Cost  =  $29,620  +  $269,200 

=  $298,460 

Major  part  of  operating  cost  is  in  fuel  cost. 


246 


III.   SPRAY  CHAMBER  CALCULATIONS:  PARTICULATE  REMOVAL 


Spray  density 
Water  droplet  size 
Particulate  size 
Removal  efficiency 


Nomencl ature 


-  20  lb  water/100  cu  ft  air 

-  500  microns 

-  1  to  5  microns 

-  (a)   90% 
(b)   75% 


Pa  =  density  of  air  at  70°F 

Pw  =  density  of  water  at  70°F 

pp  =  density  of  particulate 

V  =  viscosity  of  air 

Dp  =  diameter  of  particulate,  cm 

Dc  =  diameter  of  collector  drop,  cm 

C  =  drag  coeff i  cient 

v  =   terminal  velocity  of  spherical  particle 
settling  in  air  at  70°F,  cm/sec 

¥   =   inertia!  parameter 

t   =   holdup  time,  sec 

N   =   concentration  of  spray  droplets  per 
unit  volume  of  air 

n   =   efficiency  of  impaction 

fraction  of  particles  remaining 

N   =   concentration  of  spray  droplet/unit 
volume  of  air 

20  lb  water 
1000  cu  ft  air 

■      20  lb  x  454.5  gm/lb 

1000  cu  ft  x  28317  cc/cu  ft 

=   3.14  x  10"4  gm/cc 

Volume  of  one  drop  of  water  (500  microns  in  diameter) 

=   1/6  tt  Dc3 


n 
no 
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CASE  I 


=   6.55  x  10"5  cc 
Weight  of  one  drop  of  water 

=   6.55  x  10"5  cc  x  0.981  gm/cc 

=      6.41    x    10"5    gm 
therefore : 
N     - 

■  4.90  drops  of  water/cc  of  air 
.:   Dust  Removal  Efficiency  =  90% 

1°   -   0.1 


IrTT  X  ln-5   drops  °f  water/cc  of  air 


n 
no 


100 


For  a  unit  volume  of  dusty  air,  the  time  rate  of 
change  of  particle  concentration  in  the  spray 
region  is: 


dn 
It 


nvNnirDcV4 
Integrating , 


Jl     =      exp(-tvNnirD    2/4) 
no  u 


In   0.1 


or 


-2.05    tn 

In   0.1      , 
-2.05n 


2.3026 
2.05n 


1.125 


Terminal    velocity,    v,    of   spherical    particle   of 
unit   density   settling    in    air   at   70°F 

=      213.4   cm/sec 

For  spherical  particle  when  terminal  velocity 
is  known 


_C 
Re 


^gy(fiP-pa) 

3p*a  vJ 


=   0.0170 
From  Perry,  (1963) 
C   =   1.24   and   Re 


74.45 
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Now,  the  inertial  parameter,  V, 

vu   =   Cpp  v  Dp2 
18y  DCH 

<F   =   1.63  x  TO6  Dp2 

MV*    =  [1.63  x  106  Dp2]V2 

=   1.275  x  103  Dn 


Dp  Microns 


n»  efficiency 
of  impaction 


R  =  Dp/Dc 


0.1275 
0.2550 
0.3825 
0.5100 
0.6375 


0 

0.07 

0.355 

0.54 

0.64 


0.002 
0.004 
0.006 
0.008 
0.01 


CASE  II:   Dust  Removal  Efficiency  =  75% 


n 
no 

0.25 

or  In  0.25 

or  t 


25  =0.25 


100 

exp(-2  tn) 

-2.05  tn 

In  0.25   _ 
-2.05n 


2.3026  x  0.6020 
2.05n 


0.68 
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FIGURE   I 
PRESSURE    DROP  THROUGH 
CARBON  BEDS 

SOURCE -Y0C0M  * 
(1970) 


3        4       5     6         8       10  20  30      40    50    60      80     100 

LINEAR    VELOCITY,   FT./MIN. 


*  Yocum,  J.  E.  and  Duffee,  R.  A.,  Chem.  Eng.  77,  No.  13,  160-168, 
June  15,  1970. 
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FIGURE   2 
n-BUTANE    ADSORPTION 
ISOTHERM   ON  BPL  CARBON 
79°F. 
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